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INTRODUCTION 


The  objective  of  this  proposal  is  to  elucidate  the  pathogenesis  of  serous  carcinoma  by  identifying  the 
molecular  genetic  changes  and  preferentially  expressed  genes  of  different  histological  types  of  serous 
neoplasms.  We  hypothesize  that  the  development  of  serous  carcinoma  proceeds  along  two  main  pathways: 
one  is  rapid  progression  from  ovarian  surface  epithelium  to  conventional  serous  carcinoma  without  well- 
established  morphological  precursors  (“de  novo”  pathway)  and  the  other  is  a  gradual  development  from 
serous  borderline  tumor  (atypical  proliferative  tumor),  to  non-invasive  micropapillary  serous  carcinoma  then 
to  invasive  micropapillary  serous  carcinoma  (stepwise  pathway).  The  first  pathway  results  in  a  high-grade 
neoplasm  (conventional  serous  carcinoma)  and  the  second  leads  to  the  development  of  a  low-grade  indolent 
tumor  (invasive  micropapillary  serous  carcinoma).  Both  types  of  carcinomas  and  the  putative  precursor 
lesions  of  invasive  micropapillary  serous  carcinoma  are  characterized  by  distinctive  molecular  genetic 
alterations  and  specific  gene  expression.  This  project,  designed  to  test  our  proposed  model  of  diverse 
pathways  in  the  pathogenesis  of  ovarian  serous  carcinoma,  provides  an  etiologic  basis  for  the  other  two 
projects  in  this  proposal.  Although  many  genes  are  altered  during  tumorigenesis,  only  a  few  are  truly  critical 
for  tumor  progression.  Identifying  these  genes  holds  promise  for  the  development  of  new  diagnostic  assays 
and  immunology-directed  treatment  for  patients  with  different  types  of  serous  carcinoma. 
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BODY 


There  are  no  substantial  changes  or  modifications  of  the  original  statements.  The  accomplishments 
associated  with  each  task  outlined  in  the  approved  statement  of  work  are  detailed,  point  by  point  in  the 
followings.  Please  be  advised  that  the  research  results  from  this  study  are  substantial  and  they  are  published 
in  32  papers.  Therefore,  the  following  discussion  is  the  succinct  summary  of  the  study  outcome.  Please  refer 
to  the  published  papers  (listed)  for  details  of  study  results.  Representative  reprints  from  the  32  papers  are 
attached  in  the  appendices  of  the  progress  report. 


Task  1:  To  characterize  the  molecular  genetic  alterations  of  ovarian  serous  tumors  developing  along 
two  different  pathways. 


In  the  grand  funding  period,  we  have  conducted  a  systematic  clinicopathologic  and  molecular  analysis  of  a 
large  number  of  ovarian  serous  borderline  tumors  (SBTs)  and  invasive  epithelial  ovarian  tumors  of  all 


Table  1.  TP53  mutation  status  in  high-grade  ovarian 
serous  carcinomas. 


amino  acid 


case  #  mutated  exon 

nucleotide  change 

change 

HG1 

E4 

3’  lntron-1st  bp  G  to  A 

Splicing  site 

HG2 

E4 

136-1  bp  insertion 

46;  Insertion 

HG3 

E4 

159;  TGG  to  TGA 

53;  W  to  stop 

HG4 

E4 

159;TG^to  TGA 

53;W  to  stop 

HG5 

E4 

264-1  bp  deletion 

89;  Deletion 

HG6 

E4 

400;  TTT  to  GTT 

134;  Fto  V 

HG7 

E5 

5'  Intron-lst  bp  G  to  T 

Splicing  site 

HG8 

E5 

416-1  bp  deletion 

139;  Deletion 

HG9 

E5 

434;  CTG  to  CGG 

145;LtoR 

HG10 

E5 

438;  TGG  to  TGA 

147;  W  to  stop 

HG11 

E5 

452;  CCC  to  CAC 

151;  P  to  H 

HG12 

E5 

468-469-2  bp  deletion 

156;  Deletion 

HG13 

E5 

466-486-21  bp  deletion 

156-172;  Deletion 

HG14 

E5 

488;  TAG  to  TGG* 

163;  YtoG 

HG15 

E5 

488;  TAG  to  TGG 

163;  YtoG 

HG16 

E5 

517;  GTG  to  ATG 

173;  VtoM 

HG17 

E5 

524;  GGG  to  GAG 

175;  R  to  H 

HG18 

E5 

524;  GGG  to  GAG 

175;  R  to  H 

HG19 

E5 

524;  GGG  to  GAG 

175;  R  to  H 

HG20 

E5 

524;  GGG  to  GAG 

175;  R  to  H 

HG21 

E6 

566-581-16  bp  deletion 

189-194;  Deletion 

HG22 

E6 

568;  CGG  to  JGG 

190;RtoW 

HG23 

E6 

568;  CGG  to  IQQ 

190;RtoW 

HG24 

E6 

578;  GAT  to  GGT* 

193;  H  to  R 

HG25 

E6 

581 ;  GTT  to  GGT 

194;LtoR 

HG26 

E6 

584;  AJG  to  ACG 

195;  ItoT 

HG27 

E6 

596;  AGG  to  ATG 

199;  R  to  M 

HG28 

E6 

614;TATtoTGT 

205;  YtoG 

HG29 

E6 

625-626-2  bp  deletion 

209;  Deletion 

HG30 

E6 

637;  CGA  to  IGA 

213;  Rto  stop 

HG31 

E6 

638;  GGAto  GTA 

213;  Rto  L 

HG32 

E6 

641 ;  GAT  to  GGT 

213;HtoR 

HG33 

E6 

643;  AGT  to  CGT 

215;StoR 

HG34 

E6 

647-1  bp  deletion 

216;  Deletion 

HG35 

E6 

653;  GTG  to  GAG 

218;  VtoQ 

HG36 

E6 

659;  TAT  to  TGT 

220;  YtoG 

HG37 

E7 

5'  lntron-2nd  bp  A  to  G 

Splicing  site 

HG38 

E7 

686-687-2  bp  deletion 

229;  Deletion 

HG39 

E7 

712;  IGT  to  AGT’ 

238;GtoS 

HG40 

E7 

715;  MG  to  TAG’ 

239;  N  to  Y 

HG41 

E7 

722;  TCG  to  IJC 

240;  S  to  F 

HG42 

E7 

723-1  bp  deletion 

241;  Deletion 

HG43 

E7 

742:  CGG  to  JGG 

248;  R  to  W 

HG44 

E7 

742;  CGG  to  TGG 

248;  R  to  W 

HG45 

E7 

743;  GGG  to  GAG 

248;  R  to  Q 

HG46 

E7 

742;  CGG  to  TGG 

248;  R  to  W 

HG47 

E7 

742;  CGG  to  JGG 

248;RtoW 

HG48 

E7 

747;  AGGtoAGI 

249;RtoS 

HG49 

E7 

772-782-1 1  bp  deletion 

258-261;  Deletion 

HG50 

E7 

777;  GAT  to  GJT 

259;  D  to  V 

HG51 

E8 

783-791-9  bp  deletion 

262-264;  Deletion 

HG52 

E8 

809;  TTT  to  TGT 

270;  F  to  G 

HG53 

E8 

818;  GGT  to  GAT 

272;  R  to  H 

HG54 

E8 

880;  GAG  to  TAG 

293;  E  to  stop 

HG55 

E8 

880;  GAG  to  TAG 

293;  E  to  stop 

HG56 

E8 

916;  CGA  to  IGA 

306;  Rto  stop 

HG57 

E9 

964-1  bp  deletion 

322;  Deletion 

HG58 

WT 

HG59 

WT 

HG60 

WT 

HG61 

WT 

HG62 

WT 

HG63 

WT 

HG64 

WT 

HG65 

WT 

HG66 

WT 

HG67 

WT 

HG68 

WT 

HG69 

WT 

HG70 

WT 

HG71 

WT 

histologic  types  in  an  effort  to  delineate  their  pathogenesis 
and  behavior  ^  By  careful  examination  of  histopathology 
of  SBTs,  we  identify  a  unique  “variant”  of  SBTs-  non- 
invasive  micropapillary  serous  carcinoma  (or 
intraepithelial  low-grade  serous  carcinoma)  which  are 
more  frequently  associated  with  extraovarian  disease 
(implant)  and  poor  clinical  outcome  as  compared  to  the 
conventional  SBT  (called  atypical  proliferative  tumor)  '  . 
We  define  the  morphological  criteria  of  “good”  versus 
“bad”  implants  to  predict  the  clinical  outcome  in  SBT 
patients  Based  on  mutational  analysis  and  the  patterns  of 
allelic  imbalance,  we  provide  the  molecular  evidence  of 
tumor  progression  from  cystadenoma  to  atypical 
proliferative  tumor,  intraepithelial  low-grade  serous 
carcinoma  (or  non-invasive  micropapillary  serous 
carcinoma)  then  to  invasive  low-grade  serous  carcinoma 
We  demonstrate  that  mutations  in  BRAF  and  KRAS 
characterize  SBT  and  low-grade  serous  carcinoma  ’  and 
that  mutations  in  both  genes  occur  early  in  the  tumor 
progression,  i.e.,  the  cystadenoma  stage,  preceding  the 
development  of  SBTs  We  are  pleased  that  our  original 
findings  were  validated  by  the  subsequent  independent 
studies  by  other  research  groups  We  show  that 
mutations  of  BRAF  and  KRAS  correlate  with  the 
activation  of  mitogen  activated  protein  kinase  (MAPK),  the 
downstream  target  of  KRAS-BRAF  signaling  pathway, 
inSBT  and  low-grade  serous  carcinomas  and  have 
defined  the  downstream  molecular  targets  regulated  by 
activated  MAPK  in  SBT  using  serial  analysis  of  gene 
expression  .  More  recently,  we  demonstrated  that  12-bp 
insertion  (nucleotide  2313-2324)  occurred  in 
approximately  10%  of  MPSCs  and  atypical  proliferative 
(borderline)  serous  tumors  Mutations  in  KRAS,  BRAF 
and  ERBB2  were  found  mutually  exclusive  and 
accordingly,  mutations  in  either  of  the  genes  were  found  in 
about  at  least  two  third  of  MPSCs  and  atypical 
proliferative  (borderline)  serous  tumors.  We  further  show 
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that  in  contrast  to  BRAF  and  KRAS,  mutations  in  p53  gene  are  significantly  less  frequent  in  SBTs  and  low- 
grade  serous  carcinoma  than  in  conventional  high-grade  serous  carcinoma  Using  affinity  purified  tumor 
samples,  we  were  able  to  demonstrate  the  p53  mutation  frequency  as  high  as  80%  (Table  1).  Furthermore, 
we  have  reported  the  distinct  pattern  in  sequenee  mutations  and  amplification  of  PIK3CA  and  AKT2  genes 
in  purified  ovarian  serous  high-grade  and  low-grade  tumors.  We  are  the  first  researeh  group  reporting  that 
ERBB2  somatic  mutations  in  serous  borderline  tumors  (Table  2  and  Fig.  1).  We  have  studied  the 
chromosomal  imbalance  in  SBTs  using  CGFl  and  demonstrated  that  the  pattern  of  chromosomal  imbalance 
was  similar  between  APST  and  non-invasive  MPSC  (intraepithelial  low-grade  serous  careinoma)  but  distinct 
from  conventional  high-grade  serous  eareinoma  Based  on  our  studies,  we  have  extended  our  “dualistie 
pathway”  model  into  a  modified  hypothesis  in  the  development  of  ovarian  cancer  * .  Besides,  we  have 
developed  a  new  technology  to  detect  KRAS  mutations  based  on  homogeneous  point  mutation  detection  by 
quantum  dot-mediated  two-color  fluorescence  coineidenee  analysis. 


Case  No, 

Tumor 

PIK3CA 

AKT2 

1  ERBB2  1 

KRAS 

BRAF 

1 

SBT 

WT 

WT 

12  bp  ins* 

WT 

WT 

2 

SBT 

WT 

WT 

WT 

WT 

T1976A:V600E 

3 

SBT 

WT 

WT 

WT 

G35T:G12V 

WT 

4 

SBT 

WT 

WT 

WT 

G35A:G12D 

WT 

5 

SBT 

WT 

WT 

WT 

G35A:G12D 

WT 

6 

SBT 

WT 

WT 

WT 

WT 

T1976A:V600E 

7 

SBT 

WT 

WT 

WT 

WT 

WT 

8 

SBT 

WT 

WT 

WT 

WT 

WT 

9 

SBT 

WT 

WT 

WT 

WT 

WT 

10 

SBT 

WT 

WT 

WT 

WT 

T1976A:V600E 

11 

SBT 

A3140G:H1047R 

WT 

WT 

G35T:G12V 

WT 

12 

SBT 

WT 

WT 

WT 

G38T:G13V 

WT 

13 

SBT 

WT 

WT 

WT 

1  WT  1 

WT 

14 

SBT 

WT 

WT 

WT 

G35T:G12V 

WT 

15 

SBT 

WT 

WT 

WT 

WT 

WT 

16 

SBT 

WT 

WT 

WT 

WT 

T1976A:V600E 

17 

SBT 

WT 

WT 

12  bp  ins* 

WT 

1  WT  1 

18 

SBT 

WT 

WT 

WT 

WT 

T1976A:V600E 

19 

SBT 

WT 

WT 

WT 

WT 

WT 

20 

SBT 

WT 

WT 

WT 

WT 

WT 

21 

SBT 

WT 

WT 

WT 

G35T:G12V 

WT 

SET:  serous  borderline  tumor;  *  12  bp  insertion  at  2313-2324  bp 


Table  2,  Somatic  mutations  in  5  kinases  in  a  pilot  set  of 
serous  borderline  tumors  (SBT).  Nucleotide  sequeneing 
was  performed  on  purified  tumor  eells  (by  dynal  beads 
sorting  from  fresh  tumors  or  laser  eapture 
microdissection  from  paraffin  sections).  Many  of  the 
specimens  show  somatic  mutation  (black  boxes)  in  those 
genes  exeept  AKT2.  Both  ERBB2  mutations  show  a  12- 
bp  insertion  at  2313-2324  whieh  has  been  reported  as  an 
activating  mutation  in  lung  cancer  The  PI3CA 
mutation  is  located  in  the  kinase  domain.  This 
preliminary  finding  has  been  reeently  published 
NOTE;  In  this  new  set  of  SBTs,  the  mutation  frequency 
in  KRAS  and  BRAF  was  slightly  lower  than  that  we 
previously  reported  probably  beeause  of  limited  sample 
size. 


PIK3CA 


e  -  c  -  1  c  .A-  j-  .c 


Normal 


\j\l 


\i 


Tumor 


. . AV/wfVj 


ERBB2 


Normal 


Fig,  1,  Chromatograms  of  PIK3CA  a.ndERBB2 
mutational  status  in  two  representative  serous  borderline 
tumors  (ease  number  1 1  and  17).  Case  1 1  shows  a 
heterozygous  somatic  mutation  at  the  nucleotide  3140  (A 
to  G).  Case  17  demonstrates  a  heterozygous  12  bp  in- 
frame  insertion  mutation  at  the  nucleotide  of  2313-2324. 


Tumor 
{Case  17) 


~|  12  bp  insertion  | 


,/i 


Task  2:  To  identify  the  genes  preferentially  expressed  in  the  serous  carcinomas. 


Based  on  serial  analysis  of  gene  expression  (SAGE),  we  have  identified  and  characterized  differential  genes 
expressed  in  either  low-grade  (mieropapillary)  or  high-grade  serous  earcinomas.  We  have  finished  SAGE 
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library  construction,  sequencing  and  analysis  in  5  high-grade  and  3  low-grade  ovarian  serous  careinomas. 

We  then  eombined  the  SAGE  results  and  Affymetrix  mieroarray  analysis  (as  an  alternative  approaeh  to 
eomplement  SAGE  as  described  in  the  original  aim),  we  have  identified  several  high-grade  associated  and 
low-grade  assoeiated  genes  in  ovarian  eaneer.  More  speeifieally,  we  have  identified  HLA-G,  membralin  and 
apolipoprotein  E  overexpression  in  high-grade  but  not  in  low-grade  serous  eareinoma.  The  validation  and 
clinieal  application  of  HLA-G  and  apolipoprotein  E  expression  will  be  described  in  the  next  seetion  (Task  3). 
Besides,  we  have  identified  two  low-grade  associated  genes,  p21  and  anti-trypsin,  based  on  analysis  of 
SAGE  data  we  have  eollected.  In  addition,  we  have  identified  mesothelin  as  an  ovarian  eaneer  assoeiated 
gene  and  the  expression  levels  of  mesothelin  eorrelated  with  patient’s  overall  survival.  In  the  following,  we 
have  summarized  the  major  findings. 

In  the  funding  period,  we  have  identified  a  novel  gene,  membralin,  based  on  SAGE  analysis  We 
have  eloned  the  gene  and  deposited  the  nueleotide  sequenee  into  NCBI  public  database  (GeneBank  assession 
number:  DQ005958).  In  our  analysis,  human  membralin  is  unique  and  does  not  share  signifieant  sequenee 
homology  with  other  human  genes,  only  membralins  of  other  speeies.  The  gene  eontains  1 1 -exons  which 
encode  at  least  two  splieed  variants  in  human  eaneer.  The  long  form  of  membralin  (membralin- 1)  comprises 
all  1 1 -exons,  eneoding  a  protein  of  620-amino  aeids  long  and  the  short  form  of  membralin  (membrahn-3) 
eontains  all  exons  exeept  for  exon  10,  eneoding  a  protein  of  408  amino  aeids.  Expression  of  different 
membralin  isoforms  depends  on  tissue  type.  The  long  form,  membralin- 1,  is  expressed  in  ovarian  and 
coloreetal  careinomas  but  not  in  breast  or  panereatic  earcinomas,  which  express  only  the  short  splice  form, 
membralin-3.  Membralin- 1-GEP  fusion  protein  demonstrates  exelusive  cytoplasmie  loealization.  Based  on 
quantitative  real-time  PCR,  in  situ  hybridization  and  Western  blot  analysis,  membralin  was  highly  expressed 
in  ovarian  serous  earcinomas  as  compared  to  ovarian  surface  epithelium  (p<  0.001)  (Pig.  2).  Ovarian 
careinomas  in  effusions  demonstrated  a  significantly  higher  level  of  membralin  expression  than  in  solid 
tumors  (p<  0.001).  In  eonelusion,  these  findings  represent  the  first  eharaeterization  of  human  membralin  and 
suggest  that  membralin  is  a  novel  tumor-assoeiated  marker  in  ovarian  serous  eareinomas. 


FLAG 

antibody  Membralin  antibody 


FLAG-  FLAG-  CA1  CA2  CAS  SBT  BE 

membralin  membralin 


Fig.  2,  Expression  of  membralin  in  ovarian  eaneer.  In 
situ  hybridization  demonstrates  that  membralin  signal 
is  loeated  in  ovarian  serous  eareinoma  tissue  (A)  but 
not  in  benign  ovarian  surfaee  epithelium  (B)  or  in 
serous  borderline  tumor  (C).  The  sense  (eontrol)  probe 
does  not  show  deteetable  signal  (D).  Bar  =  50  m. 
Western  blot  analysis  shows  that  the  membralin 
antibody  reaets  with  the  PLAG-membralin-1  fusion 
protein  with  a  moleeular  mass  of  68  kD  in  HEK293 
eells  transfected  by  the  pCMV-Tag-2e-membralin  (E). 
Membralin- 1  protein  is  deteeted  in  two  ovarian  serous 
eareinomas  (CAl  and  CA2)  that  also  show  membralin 
signal  based  on  in  situ  hybridization  but  not  in  another 
ovarian  serous  eareinoma  (CA3),  serous  borderline 
tumor  (SBT)  or  benign  ovarian  epithelium  (BE), 
whieh  did  not  show  deteetable  signals. 


Tumor-assoeiated  extraeellular  matrix  proteins  are  essential  for  tumor  development  and  are  potential 
diagnostie  markers.  In  the  funding  period,  we  have  performed  analysis  of  gene  expression  of  extraeellular 
matrix  genes  in  ovarian  serous  neoplasms.  Gene  expression  of  16  different  extracellular  matrix  proteins  was 
first  analyzed  in  ovarian  serous  epithelium  and  tumors  based  on  SAGE  database  as  proposed  in  the  Aim  and 
validated  by  semiquantitative  RT-PCR.  As  eompared  to  normal  ovarian  surfaee  epithelium,  we  found 
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overexpression  of  syndecan-1,  eollagen  type  IV  alpha  2,  emilin-1,  and  laminin-5  in  ovarian  serous 
eareinomas.  Among  them,  syndeean-1  was  seleeted  for  further  study  as  it  has  not  been  well  eharaeterized  in 
ovarian  eaneer  and  the  syndeean-1  antibody  was  available  for  immunostaining  in  ovarian  tumor  tissue 
mieroarrays.  We  demonstrated  that  syndeean-1  was  expressed  in  30.4%  of  high-grade  serous  eareinomas, 
29.7%  of  low-grade  eareinomas  and  serous  borderline  tumors,  but  not  in  serous  eystadenomas  and  ovarian 
surfaee  epithelium.  Syndeean-1  was  strongly  expressed  in  high-grade  eompared  to  low-grade  serous 
eareinomas  and  serous  borderline  tumors  (p=0.007).  In  summary,  ovarian  eareinomas  exhibit  upregulated 
expression  of  several  extraeellular  matrix  proteins  ineluding  syndeean-1  which  may  represent  a  novel  tumor- 
associated  marker  in  ovarian  serous  carcinomas. 

We  further  expand  the  proposed  study  in  the  last  (no  cost  extension)  year  to  look  into  the  unique 
ovarian  cancer  signatures  by  comparing  Ovarian/primary  peritoneal  serous  carcinoma  (OC/PPC)  and  diffuse 
peritoneal  malignant  mesothelioma  (DMPM).  This  is  because  both  tumor  types  are  highly  aggressive  tumors 
that  are  closely  related  morphologically  and  histogenetically.  It  remains  unclear  whether  both  tumors  are 
molecularly  distinct  neoplasms.  The  current  study  compared  global  gene  expression  patterns  in  OC/PPC  and 
DMPM.  Ten  OC/PPC  and  five  DMPM  effusions  were  analyzed  for  gene  expression  profiles  using  the 
Affymetrix  U133  Plus  2  arrays  and  the  dCHIP  analysis  program.  Differentially  expressed  candidate  genes 
were  validated  using  quantitative  real-time  PCR  and  immunohistochemistry.  Unsupervised  hierarchical 
clustering  using  all  54,675  genes  in  the  array  classified  the  samples  into  two  groups,  DMPM  specimens  vs. 
OC/PPC  specimens.  A  total  of  189  genes  that  were  differentially  expressed  in  these  two  groups  were  selected 
based  on  statistical  significance.  Genes  overexpressed  in  DMPM  included  calretinin,  vitronectin,  claudin  15, 
a4  laminin,  hyaluronan  synthase  1,  cadherin  11,  RAB7,  v-maf  and  the  EGF-containing  fibulin-like 
extracellular  matrix  protein  1.  Genes  overexpressed  in  OC/PPC  included  insulin-like  growth  factor  II  (IGF- 
II),  IGF-II  binding  protein  3,  cyclin  FI,  folate  receptors  1  and  3,  RAB25,  MUC4,  endothelin-1,  CD24, 
kallikreins  6/7/8,  claudins  3/4/6,  Notch3  and  MMP-7.  Quantitative  real-time  PCR  validated  the  differential 
expression  of  13  genes,  and  immunohistochemistry  confirmed  the  differences  for  4  gene  products.  Our 
conclusion  from  this  study  is  following.  Expression  profiling  separates  OC/PPC  from  DMPM  and  identifies 
a  number  of  genes  that  are  differentially  expressed  in  these  tumors.  The  molecular  signatures  unique  to 
OC/PPC  and  DMPM  should  provide  a  molecular  basis  to  study  both  tumors  and  new  potential  markers  for 
facilitating  their  differential  diagnosis. 

Task  3:  To  validate  the  candidate  genes  and  assess  their  hiological  significance  in  the  development  of 
serous  carcinoma. 

A  total  of  four  genes  among  many  candidate  genes  were  validated  and  characterized  for  their  clinical 
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significance  and  they  include  HFA-G  ’  apolipoprotein  E  ,  mesothelin  and  membralin  .  The 
summary  of  these  three  studies  are  summarized  as  follows. 

The  HFA-G  immunoreactivity  ranging  from  focal  to  diffuse  was  detected  in  45  of  74  (61%)  high- 
grade  ovarian  serous  carcinomas  but  in  none  of  the  18  low-grade  serous  carcinomas  or  26  serous  borderline 
tumors  (atypical  proliferative  tumors  and  non-invasive  micropapillary  serous  carcinomas)  that  were  studied. 
The  differential  expression  of  HFA-G  in  high-grade  but  not  low-grade  serous  carcinomas  may  have 
biological  significance  as  HFA-G  appears  to  facilitate  tumor  cell  evasion  of  the  immune  system  by 
protecting  the  malignant  cells  from  lysis  by  natural  killer  cells.  This  finding  is  similar  to  the  HFA-G 
expression  observed  in  large  cell  carcinoma  of  the  lung  that  is  associated  with  a  poor  outcome  as  compared 
with  absence  of  expression  in  carcinomas  with  a  better  prognosis.  HFA-G  staining  was  not  detected  in  a 
wide  variety  of  normal  tissues  including  ovarian  surface  epithelium  and  normal  breast  tissue.  RT-PCR 
demonstrated  the  presence  of  HFA-G5  isoform  in  all  tumor  samples  expressing  HFA-G.  EFISA  was 
performed  to  measure  the  sHFA-G  in  42  malignant  and  18  benign  ascites  supernatants.  sHFA-G  levels  were 
significantly  higher  in  malignant  ascites  than  in  benign  controls  (p<0.001).  We  found  that  the  area  under  the 
receiver-operating  characteristic  (ROC)  curve  for  sHFA-G  was  0.95  for  malignant  versus  benign  ascites 
specimens.  At  100%  specificity,  the  highest  sensitivity  to  detect  a  malignant  ascites  was  78%  (95%  Cl,  68% 
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-  88%)  at  a  cutoff  of  13  ng/ml.  In  summary,  our  findings  suggest  that  measurement  of  sHLA-G  is  a  useful 
moleeular  adjunet  to  eytology  in  the  differential  diagnosis  of  malignant  versus  benign  peritoneal  ascites. 

Apolipoprotein  (Apo)  E  has  been  reeently  identified  as  a  potential  tumor-assoeiated  marker  in 
ovarian  cancer  by  serial  analysis  of  gene  expression.  ApoE  has  long  been  known  to  play  a  key  role  in  lipid 
transport  and  its  specific  isoforms  participate  in  the  atheroselerogenesis.  However,  its  role  in  human  caneer 
is  not  known.  In  this  study,  apoE  expression  was  frequently  detected  in  ovarian  serous  carcinomas,  the  most 
common  and  lethal  type  of  ovarian  cancer.  It  was  not  deteeted  in  serous  borderline  tumors  and  normal 
ovarian  surface  epithelium.  Inhibition  of  apoE  expression  using  an  apoE  specifie  siRNA  led  to  Gi  cell  cycle 
arrest  and  apoptosis  in  an  apoE  expressing  ovarian  cancer  cell  line,  OVCAR3,  but  not  in  an  apoE  negative 
eell  line,  SKOV3  .  Eurthermore,  the  phenotype  of  apoE-siRNA  treated  OVCAR3  eells  was  not  reversed  by 
exogenous  apoE  in  the  culture  medium.  Expression  of  apoE  in  nuelei  was  significantly  associated  with  a 
better  patient  survival  who  had  advanced  stage  serous  carcinomas  at  the  5-year  follow-up  (p=0.004).  This 
study  suggests  a  new  role  of  apoE  in  eancer  as  apoE  expression  is  important  for  the  survival  in  apoE 
expressing  ovarian  caneer  cells  and  its  expression  is  associated  with  a  favorable  clinical  outcome  in  ovarian 
cancer  patients 

Mesothelin  expression  levels  were  compared  among  8 1  publicly  available  SAGE  libraries  of  various 
careinoma  and  normal  tissue  types.  Immunohistoehemistry  using  a  well-eharacterized  mesothelin 
monoelonal  antibody  (5B2)  was  performed  to  evaluate  mesothelin  expression  in  167  high-grade  and  31  low- 
grade  ovarian  serous  careinomas  Immunohistoehemistry  staining  seores  were  eorrelated  with  patient 
survival,  tumor  site,  tumor  grade,  in  vitro  drug  resistance  and  differentiation  status  of  tumor  eells.  SAGE 
analysis  demonstrated  that  mesothelin  was  overexpressed  in  50%  of  ovarian  and  panereatie  careinomas  but 
rarely  in  other  eancer  types  including  liver,  colon,  kidney,  prostate  and  breast.  Mesothelin  immunoreaetivity 
(>5%  of  tumor  cells)  was  present  in  55%  of  ovarian  serous  careinomas  with  no  difference  in  expression 
between  high-grade  and  low-grade  serous  tumors  (p  =  0.82).  Based  on  Kaplan-Meier  analysis,  we  found  that 
a  diffuse  mesothelin  staining  (>  50%  of  tumor  cells)  in  primary  high-grade  ovarian  careinomas  correlated 
signifieantly  with  prolonged  survival  in  patients  who  had  advaneed  stage  disease  and  had  received  optimal 
debulking  surgery  followed  by  ehemotherapy  (p  =  0.023)  (Eig.  3).  Mesothelin  expression  did  not  correlate 
significantly  with  patient  age,  tumor  site,  in  vitro  drug  resistance  or  tumor  differentiation  status  (p  >  0.10). 
Our  results  provided  new  evidence  that  mesothelin  expression  is  assoeiated  with  prolonged  survival  in 
patients  with  high-grade  ovarian  serous  earcinoma. 

Membralin  has  been  deseribed  above  (Task  2)  and  will  not  be  reiterated  here. 


A  B 


Months  Months 

Fig  3.  Kaplan-Meier  survival  curves  comparing  tumors  with  negative  or  focal  mesothelin  staining  (scores  of  0-1  or  < 
50%  positive  cells)  to  tumors  with  diffuse  mesothelin  staining  (scores  of  2+,  3+  and  4-I-)  in  (A)  both  stage  III  and  stage 
IV  high-grade  primary  ovarian  serous  carcinomas  and  (B)  only  stage  III  high-grade  primary  ovarian  serous  carcinoma. 
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KEY  RESEARCH  ACCOMPLISHEMEHNTS 


1.  Molecular  genetic  analysis  of  ovarian  carcinomas. 

Based  on  the  results  from  Project  1,  we  have  provided  cogent  molecular  genetic  evidence  to  support  the  main 
hypothesis  of  the  dualistic  pathway  in  the  development  of  ovarian  serous  carcinoma  as  proposed  in  this 
program  project.  We  further  modify  and  extend  our  hypothesis  to  include  all  the  major  types  of  ovarian 
carcinomas.  The  key  finding  is  illustrated  in  Fig.  4.  It  is  our  pleasure  to  know  that  this  model  generated  by 
the  funding  of  DoD  has  gained  wide  attention  and  acceptance  in  the  cancer  research  field  as  our  papers 
related  to  this  subject  have  been  frequently  cited  in  the  literature  (the  hypothesis  has  been  cited  in  249  papers 
till  Nov.  30,  2006  based  on  ISI  web). 


Low-grade  pathway 


Fig.  4.  Proposed  model  in  the  development  of 
ovarian  serous  carcinoma.  Low-grade  serous 
carcinoma  develops  in  a  stepwise  fashion  from  a 
serous  borderline  tumor  (SBT)  which  may  arise 
from  the  surface  epithelium  or  from  serous 
cystadenomas.  High-grade  serous  carcinomas 
develop  from  the  ovarian  surface  epithelium  or 
inclusion  cysts  without  morphologically 
recognizable  intermediate  stages.  Low-grade 
carcinoma  is  a  clinically  indolent  disease  but 
patients  will  ultimately  die  of  the  disease.  In 
contrast,  high-grade  carcinoma  is  very  aggressive 
and  most  patients  will  succumb  to  the  disease  in  a 
short  period  of  time.  Both  low-grade  and  high- 
grade  tumors  are  characterized  by  distinct 
molecular  signatures. 


2.  We  have  identified  several  genes  that  are  differentially  expressed  in  high-grade  serous  eareinomas, 
based  on  gene  expression  analysis  using  SAGE  or  mieroarrays.  We  further  demonstrate  their  biologieal  and 
clinical  significance  as  described  in  the  previous  section.  The  markers  may  provide  the  new  molecular 
targets  for  future  development  of  cancer  targeted  therapy. 


3.  We  have  completed  the  generations  of  ovarian  tumor  tissue  arrays  including  a  whole  spectrum  of 
lesions  and  normal  tissues  that  could  serve  as  an  important  research  tool  for  this  program  project  and  others 
in  ovarian  cancer  research.  The  tissue  microarray  set  is  currently  ready  to  be  used  in  the  entire  program 
project.  They  include: 

•  10  TMAs  of  high-grade  serous  carcinomas 

•  2  TMAs  of  low-grade  serous  carcinoma  +  serous  borderline  tumors 

•  3  TMAs  of  clear  cell  ovarian  carcinomas 

•  2  TMAs  of  endometrioid  ovarian  carcinomas 
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CONCLUSIONS 


Summary  of  the  accomplished  research  findings:  Ovarian  epithelial  tumors  are  the  most  eommon  type  of 
ovarian  eancer  and  are  the  most  lethal  gyneeologie  malignaney.  The  main  purpose  of  the  Project  1  is  to 
delineate  the  molecular  basis  of  ovarian  serous  tumors  and  identity  the  genes  that  are  associated  with  tumors 
that  develop  along  different  pathways  in  tumor  progression.  The  overall  DoD  project  1  has  made  progress  to 
meet  the  objectives  of  the  proposal  as  we  have  finished  all  the  tasks  proposed  in  the  specific  aims. 
Furthermore,  we  have  extended  the  aims  and  have  obtained  new  and  related  findings  to  the  Project  1.  Based 
on  clinicopathological  and  molecular  observations,  we  propose  a  new  model  for  their  development.  In  this 
model,  ovarian  serous  tumors  are  divided  into  two  categories  designated  low-grade  and  high-grade  tumors 
which  correspond  to  two  main  pathways  of  tumorigenesis.  Low-grade  neoplasms  arise  in  a  stepwise  fashion 
from  borderline  tumors  whereas  high-grade  tumors  arise  from  ovarian  surface  epithelium  or  inclusion  cysts 
for  which  morphologically  recognizable  precursor  lesions  have  not  been  identified,  so-called  “de  novo” 
development.  Low-grade  tumors  are  associated  with  distinct  molecular  changes  that  are  rarely  fond  in  high- 
grade  tumors,  such  as  BRAF,  KRAS  and  ERBB2  mutations.  Gene  expression  profiling  has  shown  that  the  two 
types  of  ovarian  serous  tumors  are  characterized  by  distinct  gene  expression  patterns.  Some  of  the  genes 
have  been  selected  for  further  studied  to  reveal  their  clinical  and  biological  significance.  As  a  result  of  DoD 
funding,  we  have  generated  a  total  of  32  peer-reviewed  papers  related  to  the  aims  of  the  Project  1 . 
Implications  and  significance  of  the  accomplished  research  findings:  Our  proposed  model  of 
carcinogenesis  in  ovarian  serous  tumors  reconciles  the  relationship  of  borderline  tumors  to  invasive 
carcinoma  and  provides  a  morphologic  and  molecular  framework  for  studies  aimed  at  elucidating  the 
pathogenesis  of  ovarian  cancer.  Identification  and  characterization  of  the  panoply  of  molecular  changes 
associated  with  ovarian  carcinogenesis  will  facilitate  development  of  diagnostic  tests  for  early  detection  of 
ovarian  cancer  and  for  the  development  of  novel  therapies  aimed  at  blocking  key  growth-signaling  pathways. 
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The  pathogenesis  of  ovarian  carcinoma,  the  most  le¬ 
thal  gynecological  maUgnancy,  is  unknown  because 
of  the  lack  of  a  tumor  progression  model.  Based  on  a 
review  of  recent  clinicopathological  and  molecular 
studies,  we  propose  a  model  for  their  development. 
In  this  model,  surface  epithelial  tumors  are  divided 
into  two  broad  categories  designated  type  I  and  type  n 
tumors  that  correspond  to  two  main  pathways  of 
tumorigenesis.  Type  I  tumors  tend  to  be  low-grade 
neoplasms  that  arise  in  a  stepwise  manner  from  bor¬ 
derline  tumors  whereas  type  n  tumors  are  high-grade 
neoplasms  for  which  morphologically  recognizable 
precursor  lesions  have  not  been  identified,  so-called 
de  novo  development.  As  serous  tumors  are  the  most 
common  surface  epithelial  tumors ,  low-grade  serous 
carcinoma  is  the  prototypic  type  I  tumor  and  high- 
grade  serous  carcinoma  is  the  prototypic  type  II  tu¬ 
mor.  In  addition  to  low-grade  serous  carcinomas, 
type  I  tumors  are  composed  of  mucinous  carcinomas , 
endometrioid  carcinomas ,  malignant  Brenner  tu¬ 
mors,  and  clear  cell  carcinomas.  Type  I  tumors  are 
associated  with  distinct  molecular  changes  that  are 
rarely  found  in  type  n  tumors,  such  as  BRAF  and 
KRAS  mutations  for  serous  tumors ,  KRAS  mutations 
for  mucinous  tumors,  and  /3-catenin  atvdPTEN  muta¬ 
tions  and  microsatellite  instability  for  endometrioid 
mmors.  Type  n  tumors  include  high-grade  serous  car¬ 
cinoma,  malignant  mixed  mesodermal  tumors  (carci¬ 
nosarcoma),  and  undifferentiated  carcinoma.  There 
are  very  limited  data  on  the  molecular  alterations 
associated  with  type  n  tumors  except  frequent  p53 
mutations  in  high-grade  serous  carcinomas  and 
malignant  mixed  mesodermal  tumors  (carcinosar¬ 
comas).  This  model  of  carcinogenesis  reconciles 
the  relationship  of  borderline  tumors  to  invasive 


carcinoma  and  provides  a  morphological  and  mo¬ 
lecular  framework  for  studies  aimed  at  elucidating 
the  pathogenesis  of  ovarian  cancer.  (Am  J  Pathol 
2004,  164:1511-1518) 

Ovarian  cancer  is  the  most  lethal  gynecological  malig¬ 
nancy  and  surface  epithelial  tumors  (carcinomas)  are  the 
most  common  type  of  ovarian  cancer.  Despite  consider¬ 
able  efforts  aimed  at  elucidating  the  molecular  mecha¬ 
nisms  of  ovarian  carcinoma,  its  pathogenesis  is  still  un¬ 
known,  because  unlike  colorectal  carcinoma,^  a 
progression  model  has  not  been  described.  Ovarian  car¬ 
cinomas  are  heterogeneous  and  are  primarily  classified 
by  cell  type  into  serous,  mucinous,  endometrioid,  clear 
cell,  and  Brenner  (transitional)  tumors  corresponding  to 
different  types  of  epithelia  in  the  organs  of  the  female 
reproductive  tract. The  tumors  in  each  of  the  catego¬ 
ries  are  further  subdivided  into  three  groups,  benign, 
malignant,  and  intermediate  (borderline  tumor)  to  reflect 
their  behavior.  Mucinous  and  endometrioid  borderline 
tumors  are  often  associated  with  invasive  carcinomas  but 
serous  borderline  tumors  are  rarely  associated  with  se¬ 
rous  carcinomas.^  This  latter  observation  as  well  as  re¬ 
cent  molecular  genetic  studies  showing  a  very  different 
frequency  of  p53  and  KRAS  mutations  in  serous  carci¬ 
noma  as  compared  to  serous  borderline  tumors  have  led 
most  investigators  to  conclude  that  serous  borderline 
tumors  and  serous  carcinomas  are  unrelated. The  un¬ 
certainty  about  the  nature  of  the  borderline  group  of 
tumors,  reflected  by  the  ambiguous  term  “borderline,”  is 
a  major  shortcoming  of  the  current  classification.  Here  we 
review  recent  histopathological  and  molecular  genetic 


Supported  by  the  United  States  Department  of  Defense  (research  granf 
no.  OC010017). 

Accepted  for  publication  December  22,  2003. 

Address  reprint  requests  to  Robert  J.  Kurman  or  le-Ming  Shih,  Depart¬ 
ment  of  Pathology,  Johns  Hopkins  Medical  Institutions,  Weinberg  Cancer 
Center,  Room  2242,  401  N.  Broadway,  Baltimore,  MD  21231.  E-mail: 
rkurman@jhmi.edu  (RJK).  E-mail:  shlhie@yahoo.com  (IS). 


1511 


1512  Shih  and  Kurman 

AJP  May  2004,  Vol.  164,  No.  5 


SBT  or  A  PST  MPSC 

\ 

Ovarian  surface  —*■  Serous  cystadenoma 
epithelium/  inclusions 


Invasive  MPSC  or 
Low-grade  serous 


Conventional  high-grade 


> 


•Frequent  BRAF/KRAS  mutations 
•Low  cellular  proliferation 
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•5-year  survival  -55% 
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•High  cellular  proliferation 
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•5-year  survival  -  30% 


Figure  1.  Schematic  representation  of  the  dualistic  model  depicting  the  development  of  ovarian  serous  carcinomas,  the  most  common  type  of  ovarian  cancer. 
Low-grade  serous  carcinoma  (MPSC)  represents  the  prototypic  type  I  tumor  and  develops  in  a  stepwise  manner  from  an  atypical  proliferative  tumor  through  a 
noninvasive  stage  of  MPSC  (both  of  these  tumors  qualified  as  borderline)  before  becoming  invasive.  These  tumors  are  associated  with  frequent  KRAS  or  BRAF 
mutations.  High-grade  serous  carcinoma  represents  the  prototypic  type  II  tumor  and  develops  from  the  ovarian  surface  epithelium  or  inclusion  cysts  without 
morphologically  recognizable  intermediate  stages.  KRAS  and  mutations  have  been  rarely  found  in  these  neoplasms.  CIN,  chromosomal  instability. 


studies  to  re-examine  this  issue  and  propose  a  model  of 
ovarian  carcinogenesis  that  integrates  clinical,  his- 
topathological,  and  molecular  genetic  findings. 

Clinical  and  Pathological  Observations  that 
Provide  the  Basis  for  the  Proposed  Model 

Throughout  the  last  10  years,  we  have  conducted  a  sys¬ 
tematic  microscopic  and  clinical  analysis  of  a  large  num¬ 
ber  of  noninvasive  and  invasive  epithelial  ovarian  tumors 
of  all  histological  types  in  an  effort  to  delineate  their 
pathogenesis  and  behavior. These  studies  drew 
attention  to  a  subset  of  low-grade  serous  tumors  desig¬ 
nated  “micropapillary  serous  carcinoma  (MPSC)”  with 
characteristic  histopathological  features,  low  proliferative 
activity,  and  an  indolent  behavior  that  contrasts  dramat¬ 
ically  with  the  conventional  type  of  serous  carcinoma,  an 
aggressive  neoplasm  that  is  high-grade  and  has  high 
proliferative  activity. The  term  “MPSC”  was  origi¬ 
nally  proposed  to  distinguish  the  noninvasive  form  of  this 
tumor  from  the  more  common  noninvasive  tumor,  termed 
an  “atypical  proliferative  serous  tumor,”  both  of  which 
have  been  included  under  the  rubric  “borderline”  or  “low 
malignant  potential. Histological  transitions  from  ad- 
enofibromas  and  atypical  proliferative  serous  tumors  to 
noninvasive  MPSCs  are  observed  in  nearly  75%  of  cas¬ 
es. In  addition,  areas  of  infiltrative  growth  (stromal  in¬ 
vasion)  immediately  adjacent  to  the  noninvasive  compo¬ 
nent  are  found  in  a  significant  proportion  of  cases  (Figure 
1).^^  These  invasive  MPSCs  are  synonymous  with  low- 
grade  serous  carcinoma.  The  former  term  describes  its 
histopathological  features  and  the  latter  its  clinical  behav¬ 
ior.  The  histopathological  findings  strongly  suggest  that 


there  is  a  morphological  and  biological  spectrum  begin¬ 
ning  with  a  benign  serous  cystadenoma/adenofibroma, 
through  a  proliferative  tumor  (atypical  proliferative  serous 
tumor)  to  a  noninvasive  carcinoma  (noninvasive  MPSC) 
ending  with  an  invasive  low-grade  serous  carcinoma  (in¬ 
vasive  MPSC). 

Low-grade  serous  carcinomas  typically  pursue  an  in¬ 
dolent  course  that  may  last  more  than  20  years. 
Approximately  50  to  60%  of  patients  ultimately  succumb 
because  of  widespread  intra-abdominal  carcinomatosis 
but  the  tumor  maintains  its  low-grade  appearance  and 
low  proliferative  index  throughout  its  oourse  (Silva  et  al, 
1997  and  unpublished  data).^^  This  contrasts  with  con¬ 
ventional  high-grade  serous  carcinoma  that  presents  as 
a  clinically  aggressive  neoplasm  that  spreads  rapidly 
and  Is  associated  with  a  poor  outcome.  Analysis  of  mu¬ 
cinous,  endometrioid,  clear  cell  carcinomas,  and  malig¬ 
nant  Brenner  tumors  reveals  that  they  are  often  associ¬ 
ated  with  cystadenomas,  borderline  tumors,  and 
intraepithelial  carcinomas.^  Furthermore,  it  has  been  long 
recognized  that  endometrioid  carcinoma  and  clear  cell 
carcinoma  are  associated  with  endometriosis  in  the  ovary 
or  pelvis  in  15  to  50%  of  cases^"*'^^  leading  investigators 
to  propose  that  endometriosis  is  a  precursor  of  these 
tumors.  Rarely,  a  high-grade  serous  carcinoma  is  asso¬ 
ciated  with  ovarian  endometriosis  but  this  is  viewed  as  an 
independent,  coincidental  finding;  a  causal  relationship 
of  endometriosis  and  serous  carcinoma  has  never  been 
proposed.  A  recent  clinical  study  using  serial  transvagi- 
nal  ultrasonography  has  shown  that  —50%  of  ovarian 
carcinomas  develop  from  pre-existing  cystic  lesions 
whereas  the  remaining  50%  develop  In  ovaries  without 
apparent  abnormality  on  ultrasound.^®  The  former  group 
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Table  1.  Precursors  and  Molecular  Genetic  Alterations  of  Type  I  Tumors  of  the  Ovary 


Type  1  tumors 

Precursors* 

Known  molecular  genetic  alterations 

Low-grade  serous  carcinoma 
(invasive  MPSC) 

Serous  cystadenoma/adenofibroma 

Atypical  proliferative  serous  tumor 
Noninvasive  MPSC 

BRAF  and  KRAS  mutations  (—67%) 

Mucinous  carcinoma 

Mucinous  cystadenoma 

Atypical  proliferative  mucinous  tumor 
Intraepithelial  carcinoma 

KRAS  mutations  (>60%) 

Endometrioid  carcinoma 

Endometriosis 

Endometrioid  adenofibroma 

Atypical  proliferative  endometrioid  tumor 
Intraepithelial  carcinoma 

LOH  or  mutations  in  PTEN  (20%) 
p-catenin  gene  mutations  (16-54%) 
KRAS  mutations  (4-5%) 

Microsatellite  instability  (13-50%) 

Clear  cell  carcinoma 

Endometriosis 

Clear  cell  adenofibroma 

Atypical  proliferative  clear  cell  tumor 
Intraepithelial  carcinoma 

KRAS  mutations  (5-1 6%) 

Microsatellite  instability  (—13%) 

TGF-p  Rll  mutation  (66%)+ 

Malignant  Brenner 
(transitional)  tumor 

Brenner  tumor 

Atypical  proliferative  Brenner  tumor 

Not  yet  identified 

Abbreviation:  MPSC,  micropapiliary  serous  oaroinoma;  LOH,  ioss  of  heterozygosity;  TGF,  transforming  growth  factor. 

'Atypical  proliferative  serous  tumors  and  noninvasive  MPSC  have  been  termed  "borderline"  tumors  in  the  literature.  Similarly  for  mucinous, 
endometrioid,  clear  cell,  and  Brenner  tumors,  atypical  proliferative  tumor  and  intraepithelial  oaroinoma  have  been  combined  and  designated 
“borderline  tumor”  in  the  literature. 

+Based  on  preliminary  results  analyzing  three  oases.®^ 


was  composed  mainly  of  mucinous,  endometrioid,  ciear 
oeil  carcinomas,  and  borderline  tumors  whereas  the  latter 
group  was  composed  almost  exclusively  of  high-grade 
serous  carcinomas.  This  distribution  corresponds  to  the 
type  I  and  II  tumors  described  below. 

A  Proposed  Model  of  Ovarian  Carcinogenesis 

Our  clinicopathological  and  molecular  genetic  studies 
provide  the  basis  for  a  proposed  model  of  ovarian  carci¬ 
nogenesis  in  which  there  are  two  main  pathways  of  tu¬ 
morigenesis,  corresponding  to  the  development  of  type  I 
and  type  II  tumors  (Tables  1  and  2).  It  should  be  empha¬ 
sized  that  the  terms,  type  I  and  type  II,  describe  path¬ 
ways  of  tumorigenesis  and  are  not  specific  histopatho- 
logical  terms.  Type  I  tumors  (low-grade  serous 
carcinoma,  mucinous  carcinoma,  endometrioid  carci¬ 
noma,  malignant  Brenner  tumor,  and  clear  cell  carci¬ 
noma)  develop  in  a  stepwise  manner  from  well-recog¬ 
nized  precursors,  namely  borderline  tumors  that  in  turn 
develop  from  cystadenomas  and  adenofibromas  (Figure 
1  and  Table  1).^  The  latter  benign  tumors  appear  to 
develop  from  the  surface  epithelium  or  inclusion  cysts  in 
the  case  of  serous  and  mucinous  tumors  and  from  endo¬ 
metriosis  or  endometriomas  in  the  case  of  endometrioid 
and  clear  cell  tumors.  Type  I  tumors  are  slow  growing  as 
evidenced  by  the  observation  that  they  are  large  and 


often  confined  to  the  ovary  at  diagnosis.  In  contrast,  type 
II  tumors  are  high-grade  at  presentation.  Type  II  carcino¬ 
mas  include  what  are  currently  classified  as  high-grade 
serous  carcinoma  (moderately  and  poorly  differentiated), 
malignant  mixed  mesodermal  tumors  (carcinosarcomas), 
and  undifferentiated  carcinoma  (Figure  1  and  Table  2).  In 
addition,  it  is  likely  that  some  high-grade  serous  and 
undifferentiated  carcinoma  containing  cells  with  clear  cy¬ 
toplasm  have  been  classified  as  clear  cell  carcinoma  and 
would  be  included  in  this  group.  Although  malignant 
mixed  mesodermal  tumors  (carcinosarcomas)  were  once 
thought  to  be  mixed  tumors  comprised  of  carcinoma  and 
sarcoma,  recent  studies  have  demonstrated  that  they  are 
monoclonal. Accordingly,  these  tumors  are  now  re¬ 
garded  as  high-grade  carcinomas  with  metaplastic  sar¬ 
comatous  elements.  Type  II  carcinomas  are  rarely  asso¬ 
ciated  with  morphologically  recognizable  precursor 
lesions  and  it  has  been  proposed  that  they  develop  de 
novo  from  the  surface  epithelium  or  inclusion  cysts  of  the 
ovary. ^  They  evolve  rapidly,  metastasize  early  in  their 
course,  and  are  highly  aggressive.  It  is  likely  that  the 
apparent  de  novo  conventional  high-grade  serous  carci¬ 
noma  does  develop  in  a  stepwise  manner  but  precursor 
lesions  have  not  yet  been  elucidated  molecularly  or  mor¬ 
phologically  (Figure  1).  Presumably,  this  is  because  of 
rapid  transit  from  inception  as  a  microscopic  carcinoma 
to  a  clinically  diagnosed  neoplasm.  This  is  supported  by 


Table  2.  Precursors  and  Molecular  Genetic  Alterations  of  Type  II  Tumors  of  the  Ovary 


Type  II  tumors* 

Precursors 

Known  molecular  genetic  alterations 

High-grade  serous  carcinoma 

Not  yet  identified 

p53  mutations  (50-80%) 

Amplification  and  overepxression  of  HER2/neu  gene 
(10%-20%)  and  AKT2  gene  (12%-18%) 

Inactivation  of  p76  gene  (10%-17%) 

Undifferentiated  carcinoma 

Not  yet  identified 

Not  yet  identified 

Malignant  mixed  mesodermal 
tumor  (carcinosarcomas) 

Not  yet  identified 

p53  mutations  (>  90%) 

*Type  II  tumors  can  contain  neoplastic  cells  with  clear  cytoplasm  and  have  sometimes  been  classified  as  “clear  cell  carcinoma.” 


1514  Shih  and  Kurman 

AJP  May  2004,  Vol.  164,  No.  5 


Table  3.  Summary  of  Clinicopathological  Features  of  the  Prototypic  Type  I  and  Type  II  Tumors:  Low-Grade  and  High-Grade 
Serous  Carcinoma,  Respectively 


Frequency 

Histologic  features 

Precursor  lesions 

Clinical  behavior^ 

Response  to 
chemotherapy 

Low  grade 

—25%  of  serous 
carcinomas* 

Micropapillary 
architecture;  low- 
grade  nuclei;  low 
mitotic  index 

Serous  cystadenoma 
Serous  atypical 
proliferative  (borderline) 
tumor 

Indolent;  slow  progression 
5-year  survival  ~55%* 

Poor 

High  grade 

—75%  of  serous 
carcinomas* 

Solid  nests  and 
masses;  high- 
grade  nuclei;  high 
mitotic  index 

Not  known;  probably  from 
ovarian  surface 
epithelium  or  inclusion 
cysts  (c/e  novo) 

Aggressive;  rapid 
progression;  5-year 
survival~30% 

Good,  although 
recurrence  is 
common 

'Based  on  a  survey  at  the  Johns  Hopkins  Hospital.  Most  patients  will  eventually  die  from  the  disease  after  a  protracted  clinical  course. 
^Advanced  stage  tumors. 

I'See  Sehdev  et  al.^^ 


the  significantly  higher  Ki-67  nuclear  labeling  (prolifera¬ 
tion)  Index  In  conventional  high-grade  serous  carcinomas 
compared  to  low-grade  serous  carcinomas  (unpublished 
data).^® 

This  dualistic  model  is  the  first  step  in  an  attempt  to 
elucidate  the  molecular  pathogenesis  of  ovarian  carcinoma, 
but  should  not  be  construed  as  implying  that  other  path¬ 
ways  of  tumorigenesis  do  not  exist.  For  example,  it  is  not 
certain  whether  there  are  other  subsets  of  type  II  carcino¬ 
mas.  Molecular  profiling  and  epidemiological  studies  will  be 
important  to  determine  whether  there  are  distinct  subsets  of 
type  II  tumors.  Also  it  is  not  clear  whether  some  low-grade 
serous  carcinomas  (type  I)  progress  to  high-grade  serous 
carcinomas  (type  II).  We  have  observed  serous  carcinomas 
with  high-grade  nuclei  and  abundant  mitotic  activity  that 
display  a  micropapillary  architecture,  simulating  invasive 
MPSC  (low-grade  serous  carcinoma).  We  thought  that 
these  high-grade  tumors  may  have  arisen  from  invasive 
MPSCs  (low-grade  serous  carcinoma)  but  like  conventional 
high-grade  tumors  without  a  micropapillary  architecture 
these  tumors  did  not  harbor  KRAS  mutations,  indicating  that 
they  are  not  derived  from  invasive  MPSCs  (low-grade  se¬ 
rous  carcinomas)  (see  below). These  data  are  preliminary 
and  do  not  rule  out  the  possibility  that  some  low-grade 
serous  carcinomas  progress  to  high-grade  carcinomas  but 
the  findings  do  support  the  view  that  ovarian  serous  carci¬ 
nomas  can  be  graded  into  low-  and  high-grade  based  on 
nuclear  rather  than  architectural  features.  Preliminary  clini¬ 
copathological  studies  of  other  type  I  carcinomas  (muci¬ 
nous,  endometrioid,  and  clear  cell  carcinomas)  have  dem¬ 
onstrated  that  some  are  moderately  and  even  poorly 
differentiated,  suggesting  that  some  type  I  carcinomas  can 
evolve  from  low-  to  high-grade  neoplasms. 


Molecular  Evidence  Supporting  the  Dualistic 
Model 

Serous  carcinoma  is  the  most  common  type  of  ovarian 
carcinoma  and  therefore  low-grade  and  high-grade  se¬ 
rous  carcinomas  serve  as  the  prototypes  of  type  I  and 
type  II  carcinomas,  respectively  (Table  3).  Accordingly, 
the  molecular  genetic  data  that  are  being  advanced  in 
support  of  the  dualistic  model  are  derived  mainly  from 
studies  of  serous  carcinoma. 

There  are  several  distinctive  molecular  changes  that 
distinguish  low-grade  and  high-grade  serous  carcinomas 
(Table  4).  Among  them,  the  most  significant  molecular 
genetic  alterations  are  mutations  in  BRAF  and  KRAS  on¬ 
cogenes.  The  RAS,  RAF,  MEK,  ERK,  and  MAP  cascade  is 
important  for  the  transmission  of  growth  signals  into  the 
nucleus.^"'  Oncogenic  mutations  in  BRAE  and  KRAS  re¬ 
sult  in  constitutive  activation  of  this  pathway  and  contrib¬ 
ute  to  neoplastic  transformation.  Recent  studies  have 
demonstrated  that  KRAS  mutations  at  codons  12  and  13 
occur  in  35%  of  low-grade  serous  carcinomas  (invasive 
MPSCs)  and  33%  of  borderline  tumors  (atypical  prolifer¬ 
ative  tumor  and  noninvasive  MPSC)  but  not  in  high-grade 
serous  carcinomas. Similarly,  BRAE  mutations  at 
codon  599  occur  in  30%  of  low-grade  serous  carcinomas 
and  28%  of  borderline  tumors  but  not  in  high-grade  se¬ 
rous  carcinomas. Mutations  in  BRAF  and  KRAS,  there¬ 
fore,  were  found  in  65%  of  low-grade  invasive  serous 
carcinomas  and  in  61%  of  atypical  proliferative  tumors 
and  noninvasive  MPSCs,  their  putative  precursors,  but 
neither  of  the  genes  was  mutated  in  high-grade  serous 
carcinomas.  It  is  of  interest  that  BRAF  mutations  were 
found  only  in  tumors  with  wild-type  KRAS.^°  The  mutually 


Table  4.  Summary  of  Molecular  Feature.s  of  Prototypic  Type  I  and  Type  II  Tumors:  Low-Grade  and  High-Grade  Serous 
Carcinoma,  Respectively 


KRAS 

BRAF 

BRAF or  KRAS 

TP53 

HLA-G 

Proliferation 

mutations 

mutations 

mutations 

mutations 

expression 

(Ki-67)  index 

Low  grade 

35% 

30% 

65% 

0 

0 

-10-15% 

High  grade 

0 

0 

0 

50%~80% 

61% 

>50% 
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exclusive  nature  of  BRAF  mutations  at  codon  599  and 
KRAS  mutations  at  codons  12  and  13  in  ovarian  carci¬ 
noma  is  consistent  with  similar  findings  in  melanoma  and 
colorectal  carcinoma^^’^^  and  lends  support  for  the  view 
that  6R4F and  KRAS  mutations  have  an  equivalent  effect  on 
tumorigenesis.  Mutations  of  BRAF  and  KRAS  seem  to  occur 
very  early  in  the  development  of  low-grade  serous  carci¬ 
noma  as  evidenced  by  the  detection  of  these  mutations  in 
small  atypical  proliferative  serous  tumors  but  not  in  serous 
cystadenomas.^"^  These  data  provide  cogent  evidence 
that  the  development  of  conventional  high-grade  serous 
carcinomas  involves  molecular  mechanisms  not  related 
to  mutations  in  BRAF  and  RAS. 

In  contrast  to  low-grade  serous  carcinoma  in  which 
mutations  in  p53  are  rare,  mutations  in  p53  are  common 
in  high-grade  serous  carcinomas.  Most  studies  have 
shown  that  ~50  to  80%  of  advanced  stage,  presumably 
high-grade,  serous  carcinomas  have  mutant  It 

has  also  been  reported  that  mutant  p53  is  present  in  37% 
of  stage  I  and  II  presumably  high-grade  serous  carcino¬ 
mas. In  a  study  of  very  early  microscopic  stage  I  serous 
carcinomas  in  ovaries  removed  prophylatically  from 
women  who  were  BRCA  heterozygotes,  overexpression 
of  p53  and  mutation  of  p53  were  found  in  all  early  invasive 
high-grade  serous  carcinomas  as  well  as  in  the  adjacent 
dysplastic  surface  epithelium. It  is  likely  that  inherited 
mutations  in  BRCA  genes  predispose  the  ovarian  surface 
epithelium  and  inclusion  cysts  to  neoplastic  transforma¬ 
tion  through  an  increase  in  genetic  instability.  Although 
sporadic  ovarian  carcinomas  were  not  analyzed  in  this 
study,  the  clinical  and  pathological  features  of  BRCA- 
linked  ovarian  carcinomas  and  their  sporadic  counter¬ 
parts  are  indistinguishable,  suggesting  that  their  histo¬ 
genesis  may  be  similar.  Thus,  although  the  findings  are 
preliminary,  they  suggest  that  conventional  high-grade 
serous  carcinoma,  in  its  very  earliest  stage  resembles 
advanced  stage  serous  carcinoma  at  a  molecular  as  well 
as  at  a  morphological  level.  Similar  to  high-grade  serous 
carcinoma,  malignant  mixed  mesodermal  tumors  (carci¬ 
nosarcomas)  also  demonstrate  p53  mutations  in  almost 
all  cases  analyzed. It  has  been  reported  that  the 
same  p53  mutations  occur  in  the  epithelial  and  the  mes¬ 
enchymal  components. Moreover,  the  fact  that  pure 
carcinomatous  areas  are  often  associated  with  sarcoma¬ 
tous  components  suggests  a  common  derivation  of  both 
the  epithelial  and  the  mesenchymal  components  in  these 
neoplasms. The  finding  thaf  metastases  from  these 
tumors  nearly  always  are  composed  exclusively  of  carci¬ 
noma  has  led  investigators  to  suggest  that  malignant 
mixed  mesodermal  tumors  are  metaplastic  carcinomas. 

In  addition  to  p53  mutations,  conventional  serous  car¬ 
cinomas  that  are  presumably  high-grade  demonstrate 
amplification/overexpression  of  HER-2/neu  tyrosine  ki¬ 
nase  gene  in  20  to  67%^®  and  AKT2  serine/threonine 
kinase  gene  in  12  to  18%  of  samples  analyzed. In 
contrast,  amplification  of  bofh  genes  is  rare  in  borderline 
tumors.  Inactivation  of  the  pi  6  gene  because  of  promofer 
methylation,  mutation,  or  homozygous  deletion  occurs  in 
a  variety  of  human  cancers  including  conventional  ovar¬ 
ian  serous  carcinoma  that  presumably  are  high  grade. 
Because  these  are  molecular  genetic  studies  in  which  the 


tumors  were  described  simply  as  “serous  carcinomas,” 
we  have  referred  to  them  as  “presumably  high-grade” 
because  the  vast  majority  of  serous  carcinomas  are  high 
grade. 

Besides  molecular  genetic  alterations,  both  low-grade 
and  high-grade  serous  carcinomas  are  characterized  by 
distinct  gene  expression  profiles.  For  example,  transcrip- 
tome-wide  gene  expression  profiling  has  demonstrated 
that  human  leukocyte  antigen-G  (HLA-G)  and  apoli- 
poprotein  E  (apoE)  are  overexpressed  in  most  high- 
grade  serous  carcinomas  but  rarely  in  low-grade  serous 
carcinomas.  HLA-G  immunoreactivity,  ranging  from  focal 
to  diffuse,  was  detected  in  45  of  74  (61%)  high-grade 
ovarian  serous  carcinomas  but  in  none  of  the  18  low- 
grade  serous  carcinomas  or  26  serous  borderline  tumors 
(atypical  proliferative  tumors  and  noninvasive  MPSCs) 
that  were  studied. A  similar  correlation  of  HLA-G  ex¬ 
pression  with  behavior  has  been  observed  in  large  cell 
carcinoma."'^  A  possible  mechanism  that  explains  the 
association  of  HLA-G  expression  with  prognosis  is  that 
HLA-G  seems  to  facilitate  tumor  cell  evasion  of  the  im¬ 
mune  system  by  protecting  malignant  cells  from  lysis  by 
natural  killer  cells. 

Recently,  apoE  expression  has  been  detected  in  ovar¬ 
ian  tumors.  Besides  the  well-known  role  of  apoE  in  cho¬ 
lesterol  transport  and  in  the  pathogenesis  of  atheroscle- 
rogenesis  and  Alzheimer’s  disease,  apoE  may  play  a 
novel  role  in  fhe  development  of  human  cancer.  In  ovar¬ 
ian  carcinomas,  expression  of  apoE  is  primarily  confined 
to  type  II  high-grade  serous  carcinoma  because  apoE 
immunoreactivity  has  been  detected  in  66%  of  high- 
grade  but  only  12%  of  low-grade  serous  carcinomas.  In 
contrast,  apoE  immunoreactivity  was  not  detected  in  nor¬ 
mal  ovarian  surface  epifhelium,  serous  cystadenomas, 
serous  borderline  tumors,  and  other  type  I  tumors  (Chen, 
unpublished  data).  Inhibition  of  apoE  expression  in  vitro 
induces  cell-cycle  arrest  and  apoptosis  in  apoE-express- 
ing  ovarian  cancer  cells,  suggesting  that  apoE  expres¬ 
sion  is  important  for  their  growth  and  survival. 

The  genes  that  are  specifically  expressed  in  other 
types  of  ovarian  carcinomas  remain  primarily  unknown. 
Recently,  hepatocyte  nuclear  factor-1  jS  and  glutathione 
peroxidase  3  have  been  reported  as  molecular  markers 
for  ovarian  clear  cell  carcinoma  because  both  genes  are 
highly  expressed  in  ovarian  clear  cell  carcinomas  but 
rarely  in  other  ovarian  carcinomas. 

Finally,  allelic  imbalance  (calculated  as  the  number  of 
SNP  markers  with  allelic  imbalance/total  SNP  markers 
examined)  has  been  assessed  in  atypical  proliferative 
tumors,  noninvasive  MPSCs,  and  low-grade  serous  car¬ 
cinoma  (invasive  MPSC).^  A  progressive  increase  in  the 
degree  of  allelic  imbalance  of  chromosomes  Ip,  5q,  8p, 
18q,  22q,  and  Xp  was  noted  when  comparing  atypical 
proliferative  tumors  with  noninvasive  and  low-grade  se¬ 
rous  carcinomas  (invasive  MPSCs).  In  particular,  allelic 
imbalance  of  chromosome  5q  was  more  frequently  ob¬ 
served  in  noninvasive  MPSCs  compared  with  atypical 
proliferative  tumors  and  allelic  imbalance  of  chromosome 
Ip  was  more  frequently  found  in  low-grade  serous  car¬ 
cinoma  (invasive  MPSC)  compared  with  noninvasive 
MPSCs.  The  allelic  imbalance  patterns  in  atypical  prolif- 
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erative  tumors  were  also  found  in  noninvasive  MPSCs 
containing  adjacent  atypical  proliferative  tumor  compo¬ 
nents,  further  supporting  the  view  that  atypical  prolifera¬ 
tive  tumors  are  the  precursors  of  MPSCs.  In  contrast,  all 
high-grade  serous  carcinomas  including  the  very  earliest 
tumors  (less  than  8  mm  confined  to  one  ovary)  showed 
high  levels  of  allelic  imbalance.  As  allelic  imbalance  re¬ 
flects  chromosomal  instability,  the  above  findings  sug¬ 
gest  a  step-wise  increase  in  chromosomal  instability  in 
the  progression  to  low-grade  serous  carcinoma  in  con¬ 
trast  to  a  high  level  of  chromosomal  instability  in  high- 
grade  serous  carcinoma  even  in  their  earliest  stage  of 
development. 

The  stepwise  progression  of  borderline  tumors  (atypi¬ 
cal  proliferative  tumor  and  noninvasive  MPSC)  to  low- 
grade  serous  carcinoma  (invasive  MPSC)  closely  ap¬ 
proximates  the  adenoma-carcinoma  sequence  in 
colorectal  carcinoma  and  the  progression  of  the  other 
type  I  carcinomas,  specifically  mucinous  and  endometri¬ 
oid  carcinoma.  In  mucinous  carcinoma  for  example,  mor¬ 
phological  transitions  from  cystadenoma  to  an  atypical 
proliferative  tumor  (borderline  tumor),  to  intraepithelial 
carcinoma  and  invasive  carcinoma  have  been  recog¬ 
nized  for  some  time  and  an  increasing  frequency  of  KR4S 
mutations  at  codons  12  and  13  has  been  described  in 
cystadenomas,  borderline  tumors,  and  mucinous  carci¬ 
nomas,  respectively. In  addition,  using  microdis¬ 
section,  the  same  KRAS  mutation  has  been  detected  in 
mucinous  carcinoma  and  in  the  adjacent  mucinous  cys¬ 
tadenoma  and  borderline  tumor. Likewise,  in  endo¬ 
metrioid  carcinomas,  mutation  of  ^-catenin  has  been  re¬ 
ported  in  approximately  one-third  of  cases"^®'^°  and 
mutation  of  PTEN  in  20%,  rising  to  46%  in  those  tumors 
with  10q23  loss  of  heterozygosity.®^  These  mutations  are 
generally  detected  in  well-differentiated,  stage  I  tumors 
with  a  good  prognosis,  suggesting  that  inactivation  of 
these  genes  is  an  early  event.  Moreover,  similar  molecu¬ 
lar  genetic  alterations  including  loss  of  heterozygosity  at 
10q23  and  mutations  in  PTEN  have  been  reported  in 
endometriosis,  atypical  endometriosis,  and  ovarian  endo¬ 
metrioid  carcinoma  in  the  same  specimen.®^"®®  The  mo¬ 
lecular  genetic  findings  together  with  the  morphological 
data  showing  a  frequent  association  of  endometriosis 
with  endometrioid  adenofibromas,  atypical  proliferative 
(borderline)  tumors,  adjacent  to  invasive  well-differenti¬ 
ated  endometrioid  carcinoma  provide  evidence  of  step¬ 
wise  tumor  progression  in  the  development  of  endometri¬ 
oid  carcinoma.  Clear  cell  carcinoma  is  also  frequently 
associated  with  endometriosis,  clear  cell  adenofibromas, 
and  clear  cell  atypical  proliferative  (borderline)  tumors 
but  molecular  evidence  for  the  stepwise  progression 
model  is  lacking  because  molecular  markers  specific  to 
clear  cell  neoplasms  have  only  recently  been  identi¬ 
fied."^®'"^"'  Transforming  growth  factor-j3  receptor  type  II 
has  been  found  to  be  mutated  in  the  kinase  domain  in  two 
of  three  clear  cell  carcinomas  but  rarely  in  other  histolog¬ 
ical  types  of  ovarian  carcinomas.®^  Microsatellite  insta¬ 
bility  is  present  in  endometrioid  and  clear  cell  carcinoma 
but  is  only  rarely  detected  in  serous  and  mucinous  tu¬ 
mors.®®'®®  These  findings  provide  further  evidence  of  the 
close  relationship  of  endometrioid  and  clear  cell  carci¬ 


noma  and  point  to  a  common  precursor  lesion  for  these 
two  neoplasms. 


Conclusion 

Based  on  morphological  and  molecular  genetic  analyses 
of  a  large  series  of  ovarian  tumors,  we  have  proposed  a 
tumor  progression  model  for  ovarian  carcinoma.  In  this 
model,  ovarian  tumors  are  divided  into  two  broad  cate¬ 
gories  designated  type  I  and  type  II.  These  designations 
refer  to  pathways  of  tumorigenesis  and  are  not  specific 
histopathological  terms.  Type  I  tumors  include  low-grade 
serous  carcinoma,  mucinous  carcinoma,  endometrioid 
carcinoma,  malignant  Brenner  tumors,  and  clear  cell  car¬ 
cinoma.  Type  II  tumors  are  composed  of  what  are  cur¬ 
rently  classified  as  moderately  and  poorly  differentiated 
serous  carcinoma  (high-grade  serous  carcinoma),  malig¬ 
nant  mixed  mesodermal  tumors  (carcinosarcomas),  and 
undifferentiated  carcinoma.  Some  of  the  latter  may  con¬ 
tain  cells  with  clear  cytoplasm  and  have  therefore  been 
classified  erroneously  as  clear  cell  carcinomas.  The  tu- 
morigenic  pathway  for  type  I  tumors  resembles  the  ade¬ 
noma-carcinoma  sequence  in  colorectal  cancer  and  is 
characterized  by  clearly  recognized  precursor  lesions, 
namely,  cystadenoma,  atypical  proliferative  tumor,  and 
noninvasive  carcinoma.  The  latter  two  noninvasive  tu¬ 
mors  have  traditionally  been  combined  into  one  category 
designated  “borderline.”  Type  I  tumors  evolve  slowly  and 
are  associated  with  distinct  molecular  changes  that  are 
rarely  found  in  type  II  tumors  such  as  mutations  in  BRAE 
and  KRAS  for  serous  tumors,  KRAS  mutations  for  muci¬ 
nous  tumors,  and  jS-catenin  and  PTEN  mutations  for  en¬ 
dometrioid  tumors.  In  contrast,  type  II  tumors  evolve  rap¬ 
idly,  arising  directly  from  the  surface  epithelium  or 
inclusion  cysts  and  metastasize  early  in  their  course. 
There  are  very  limited  data  on  the  molecular  alterations 
associated  with  type  II  tumors  except  frequent  mutations 
of  p53  in  high-grade  serous  carcinomas  and  malignant 
mixed  mesodermal  tumors  (carcinosarcomas).  This 
model  reconciles  the  inconsistency  in  the  current  classi¬ 
fication  of  ovarian  tumors  that  regards  borderline  tumors 
as  a  distinct  entity  unrelated  to  invasive  carcinoma  and 
provides  a  morphological  and  molecular  genetic  frame¬ 
work  for  future  studies  aimed  at  elucidating  the  patho¬ 
genesis  of  ovarian  cancer.  Unraveling  the  complex  mo¬ 
lecular  genetic  pathways  involved  in  ovarian 
carcinogenesis  will  require  correlated  morphological  and 
molecular  genetic  studies.  Identification  and  character¬ 
ization  of  the  panoply  of  molecular  changes  associated 
with  ovarian  carcinogenesis  will  facilitate  development  of 
diagnostic  tests  for  early  detection  of  ovarian  cancer  and 
for  the  development  of  novel  therapies  aimed  at  blocking 
key  growth-signaling  pathways. 
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Activating  mutations  in  KRAS  and 
in  one  of  its  downstream  mediators, 
BRAF,  have  been  identified  in  a  vari¬ 
ety  of  human  cancers.  To  determine 
the  role  of  mutations  in  BRAF  and 
KRAS  in  ovarian  carcinoma,  we  ana¬ 
lyzed  both  genes  for  three  common 
mutations  (at  codon  599  of  BRAF  and 
codons  12  and  13  of  KRAS).  Muta¬ 
tions  in  either  codon  599  of  BRAF  or 
codons  12  and  13  of  KRAS  occurred 
in  15  of  22  (68%)  invasive  micropap- 
illary  serous  carcinomas  (MPSCs; 
low-grade  tumors)  and  in  31  of  51 
(61%)  serous  borderhne  tumors  (pre¬ 
cursor  lesions  to  invasive  MPSCs). 
None  of  the  tumors  contained  a  mu¬ 
tation  in  both  BRAF  and  KRAS.  In 
contrast,  none  of  the  72  convention¬ 
al  aggressive  high-grade  serous  car¬ 
cinomas  analyzed  contained  the 
BRAF  codon  599  mutation  or  either 
of  the  two  KRAS  mutations.  The 
apparent  restriction  of  these  BRAF 
and  KRAS  mutations  to  low-grade  se¬ 
rous  ovarian  carcinoma  and  its  pre¬ 
cursors  suggests  that  low-grade  and 
high-grade  ovarian  serous  carcino¬ 
mas  develop  through  independent 
pathways.  [J  Natl  Cancer  Inst  2003; 
95:484-6] 


The  kinase  cascade  involving  RAS, 
RAF,  mitogen/extracellular  signal-regu¬ 
lated  kinase  (MEK),  extracellular  sig¬ 
nal-regulated  kinase  (ERK),  and  mito¬ 
gen-activated  protein  kinase  (MAPK) 
mediates  the  transmission  of  growth  sig¬ 
nals  into  the  nucleus  (1).  One  of  the 
three  RAE  members,  BRAE,  has  been 


recently  reported  to  be  activated  by  so¬ 
matic  mutation  in  many  human  cancers, 
with  mutations  in  BRAF  occurring  at  a 
particularly  high  rate  in  cutaneous  mela¬ 
noma  and  papillary  carcinoma  of  the 
thyroid  (2,3).  All  known  BRAF  muta¬ 
tions  occur  within  the  kinase  domain, 
with  a  single  substitution  of  A  for  the  T 
at  nucleotide  position  1796  (1796T/A) 
accounting  for  at  least  80%  of  BRAF 
mutations  (2,4,5).  This  mutation  con¬ 
verts  a  valine  residue  at  amino  acid  po¬ 
sition  599  to  a  glutamic  acid  (V599E); 
the  mutant  protein  has  elevated  kinase 
activity  and  is  able  to  transform  NIH3T3 
cells  independent  of  RAS  function  (2). 
Similarly,  activating  mutations  in  codons 
12  and  13  of  KRAS  occur  frequently  in 
carcinomas  and  result  in  constitutive 
activation  of  KRAS  that  contributes  to 
tumorigenesis  (1). 

To  investigate  the  role  of  BRAF  and 
KRAS  mutations  in  ovarian  carcinoma, 
we  analyzed  different  types  of  ovarian 
carcinomas  for  three  common  mutations 
in  these  genes — the  BRAF  mutation  at 
codon  599  and  the  KRAS  mutations  at 
codons  12  and  13.  Ovarian  carcinoma, 
one  of  the  major  cancer  types  and  the 
most  lethal  gynecologic  malignancy, 
comprises  a  heterogeneous  group  of  tu¬ 
mors  with  distinctly  different  histologic 
types,  molecular  features,  and  clinical 
behavior  (6-8).  The  most  common  type 
of  ovarian  cancer  is  serous  carcinoma 
which,  in  our  previous  study  (9),  we  fur¬ 
ther  divided  into  high-grade  conven¬ 
tional  serous  carcinoma  and  a  low-grade 
tumor,  invasive  micropapillary  serous 
carcinoma  (MPSC).  All  serous  carcino¬ 
mas  are  believed  to  develop  from  ovar¬ 
ian  surface  epithelium  or  inclusion  cysts 
(10).  In  contrast  to  conventional  serous 
carcinoma,  for  which  morphologically 
recognizable  precursor  lesions  have  not 
been  identified,  invasive  MPSC  devel¬ 
ops  in  a  stepwise  fashion  from  a  nonin- 
vasive  group  of  neoplasms  termed  se¬ 
rous  borderline  tumors.  Based  on  our 
extensive  morphologic  and  molecular 
studies,  serous  borderline  tumors  in¬ 
clude  a  benign  precursor  (atypical  pro¬ 
liferative  serous  tumor)  and  a  noninva- 
sive  carcinoma  designated  noninvasive 
MPSC  (9,11-14).  The  non-serous  types 
of  ovarian  carcinoma  include  endome¬ 
trioid  carcinoma  and  clear-cell  carci¬ 
noma,  which  are  less  common  than  se¬ 
rous  carcinoma  and  appear  to  develop 
from  endometriosis  (15). 

Formalin- fixed,  paraffin-embedded 


tissue  samples  of  182  ovarian  tumor 
tissues  were  obtained  from  the  surgical 
pathology  file  of  the  Johns  Hopkins 
Hospital.  Genomic  DNA  was  purified 
from  the  microdissected  tumor  compo¬ 
nent,  as  previously  described  (9).  The 
ovarian  tumors  (51  serous  borderline 
tumors,  21  invasive  MPSCs,  69  con¬ 
ventional  serous  carcinomas,  21  endo¬ 
metrioid  carcinomas,  and  20  clear-cell 
carcinomas),  three  conventional  serous 
carcinoma  cell  lines  (SKOV-3,  OVCAR-3 
and  HTB-75),  and  one  primary  culture 
of  an  invasive  MPSC  were  analyzed  for 
the  codon  599  mutation  in  BRAF  and 
the  codon  12  and  13  mutations  in 
KRAS.  Five  normal  ovarian  tissues  and 
10  serous  cystadenomas  were  also  in¬ 
cluded  in  the  mutation  analysis.  The 
KRAS  mutation  status  of  some  of  the 
tumor  samples  (22  of  the  serous  border¬ 
line  tumors,  15  of  the  invasive  MPSCs, 
and  20  of  the  conventional  serous  carci¬ 
nomas)  has  already  been  reported  (9). 
Waiver  of  patients’  consent  was  ap¬ 
proved  by  the  local  Institutional  Review 
Board.  All  the  cases  were  reviewed  by 
three  gynecologic  pathologists  (R.  J. 
Kurman,  G.  Singer,  and  I.-M.  Shih), 
who  concurred  with  the  diagnoses  be¬ 
fore  microdissection. 

Analysis  of  the  1796T/A  status  in 
BRAF  was  performed  using  a  polymer¬ 
ase  chain  reaction  (PCR)-based  restric¬ 
tion  fragment  length  polymorphism 
(RFLP)  technique  (3).  For  this  method, 
the  BRAF  PCR  product  of  exon  15, 
which  contains  nucleotide  position 
1796,  was  digested  with  TspRl  (New 
England  Biolabs,  Inc.,  Beverly,  MA)  at 
65  °C  for  3  hours.  The  PCR  products 
were  electrophoresed  on  a  10%  poly¬ 
acrylamide  gel  and  were  also  sequenced 
to  validate  the  RFLP  results.  As  shown 
in  Fig.  1,  BRAF  mutations  were  found 
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Fig.  1.  Mutations  of  BRAF  and  KRAS  in  ovarian  carcinomas.  Mutational  analysis  of  codon  599  of  BRAF 
(gray  bars)  and  codons  12  and  13  of  KRAS  (black  bars)  was  performed  in  several  types  of  ovarian 
neoplasm,  including  serous  borderline  tumors  (SBT),  invasive  micropapillary  serous  carcinomas 
(iMPSC,  low-grade  carcinomas),  conventional  high-grade  serous  carcinomas  (CSC),  endometrioid  carci¬ 
nomas  (EM),  and  clear-cell  carcinomas  (CC).  The  number  of  tumors  of  each  type  that  were  analyzed  is 
indicated.  None  of  the  tumors  showed  both  BRAF  and  KRAS  mutations.  iMPSCs  and  their  precursor 
lesions,  serous  borderline  tumors,  demonstrate  the  highest  frequency  of  mutations  in  BRAF  and  KRAS. 


in  33%  of  the  invasive  MPSCs  (includ¬ 
ing  the  primary  culture  of  an  invasive 
MPSC)  and  in  28%  of  their  precursor 
lesions,  serous  borderline  tumors.  The 
BRAF  mutation  was  not  detected  in  the 
histologically  normal-appearing  cyst 
epithelium  adjacent  to  a  borderline  tu¬ 
mor  that  contained  the  BRAF  mutation 
(data  not  shown),  indicating  that  BRAF 
mutations  occur  during  progression  of 
serous  borderline  tumors. 

KRAS  mutational  status  at  codon  12 
or  13  was  analyzed  either  by  digital  PCR 
(9,16,17)  or  direct  sequencing.  In  com¬ 
bination  with  our  previous  results  (9), 
KRAS  mutations  were  found  in  35%  of 
invasive  MPSCs  and  33%  of  serous  bor¬ 
derline  tumors.  None  of  the  tumors  con¬ 
tained  a  mutation  in  both  BRAF  and 
KRAS;  thus,  considering  the  two  genes 
together,  a  mutation  in  one  of  them  was 
found  in  68%  of  invasive  MPSCs  and  in 
61%  of  serous  borderline  tumors.  There 
was  no  correlation  between  the  presence 
of  the  BRAF  or  KRAS  mutations  and 
patient  age,  clinical  stage,  tumor  size, 
and  mismatch  repair  deficiency  status 
(two-sided  Spearman’s  rank-order  cor¬ 
relation)  (data  not  shown).  In  contrast  to 
invasive  MPSCs  and  their  precursors,  all 
69  specimens  of  clinically  aggressive 
conventional  serous  carcinomas,  as  well 
as  three  well-established  cell  lines,  con¬ 
tained  wild-type  BRAF  and  KRAS  se¬ 
quences  at  the  analyzed  sites  in  both 
genes.  As  controls,  all  five  normal  ovar¬ 
ian  tissues  and  all  10  serous  cystadeno- 


mas  analyzed  contained  wild-type 
BRAF  and  KRAS. 

The  mutually  exclusive  nature  of 
BRAF  at  codon  599  and  KRAS  muta¬ 
tions  at  codons  12  and  13  in  ovarian 
carcinoma  is  consistent  with  a  similar 
finding  in  melanoma  and  colorectal  car¬ 
cinoma  and  lends  strong  support  for  the 
view  that  BRAF  and  KRAS  mutations 
have  equivalent  effects  on  tumorigen- 
esis  (2,5).  Although  the  possibility  that 
other  members  of  the  RAF  family  or 
downstream  targets  of  RAF  are  mutated 
in  conventional  high-grade  serous  carci¬ 
nomas  must  be  investigated,  it  would 
appear  that  the  development  of  high- 
grade  conventional  serous  carcinomas 
involves  a  pathway  distinct  from  the 
RAS  signaling  pathway.  For  example, 
mutations  in  TP53  are  common  in  high- 
grade  ovarian  serous  carcinomas  (18). 

We  also  analyzed  codon  599  of 
BRAF  and  codons  12  and  13  of  KRAS 
in  less  common,  non-serous  types  of 
ovarian  cancer,  including  endometrioid 
and  clear-cell  carcinomas.  We  did  not 
include  mucinous  carcinomas  involving 
the  ovary  because  we  had  previously 
found  that  most  such  carcinomas  are 
metastases  from  other  primary  sites 
(19,20).  We  detected  BRAF  mutations 
in  24%  of  endometrioid  carcinomas  but 
in  none  of  the  clear-cell  carcinomas.  No 
other  gene  has  such  a  high  mutation  rate 
in  ovarian  endometrioid  carcinomas,  ex¬ 
cept  PTEN,  which  is  mutated  in  20%  of 
ovarian  endometrioid  carcinomas  (21). 


Only  one  clear-cell  carcinoma  and  one 
endometrioid  carcinoma  had  a  KRAS 
mutation.  This  finding  is  similar  to  that 
in  a  previous  report,  which  also  ana¬ 
lyzed  KRAS  in  a  small  number  of  cases 
(22).  Again,  among  the  tumors  we  ana¬ 
lyzed,  the  BRAF  mutation  and  KRAS 
mutations  were  never  both  present  in  the 
same  tumor. 

Our  results  demonstrate  that  the  mu¬ 
tational  status  of  BRAF  and  KRAS  is 
distinctly  different  among  various  histo¬ 
logic  types  of  ovarian  serous  carcinoma, 
occurring  most  frequently  in  invasive 
MPSC,  a  clinically  indolent  neoplasm, 
and  its  precursors,  serous  borderline  tu¬ 
mors.  Thus,  it  appears  that  different  his¬ 
tologic  types  of  ovarian  carcinomas 
have  distinctive  molecular  pathways  in 
tumor  development.  In  addition,  our 
analysis  has  extended  a  previous  finding 
of  BRAF  mutations  in  four  of  10  “low 
malignant  potential”  and  one  of  25  “ma¬ 
lignant  epithelial”  ovarian  neoplasms 
(2).  Our  results  also  have  potential  im¬ 
plications  for  the  treatment  of  invasive 
MPSC;  such  lesions,  unlike  conven¬ 
tional  high-grade  serous  carcinomas, 
generally  do  not  respond  well  to  con¬ 
ventional  chemotherapy.  Conceivably, 
blocking  KRAS-BRAF  signaling  may 
provide  more  effective  therapy  (2). 
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Background:  Allelic  imbalance  (AI),  the  loss  or  gain  of  chro¬ 
mosomal  regions,  is  found  in  many  cancers.  AI  can  be  de¬ 
tected  in  genomic  tumor  DNA  released  into  the  blood  after 
necrosis  or  apoptosis.  We  evaluated  plasma  DNA  concentra¬ 
tion,  allelic  status  in  plasma  DNA,  and  serum  CA  125  level  as 
screening  tests  for  ovarian  and  other  cancers.  Methods: 
Plasma  samples  were  obtained  from  330  women  (44  normal 
healthy  control  individuals,  122  patients  with  various  can¬ 
cers,  and  164  control  patients  with  non-neoplastic  diseases). 
Plasma  DNA  concentration  was  determined  in  all  samples. 
Allelic  status  was  determined  by  digital  single  nucleotide 
polymorphism  (SNP)  analysis  with  eight  SNP  markers  in 
plasma  DNA  from  54  patients  with  ovarian  cancer  and  31 
control  patients.  CA  125  was  determined  in  63  samples.  Re¬ 
ceiver-operating  characteristic  (ROC)  curves  were  plotted, 
and  the  areas  under  the  ROC  curves — a  measure  of  the 
overall  ability  of  a  diagnostic  test  with  multiple  cutoffs  to 
distinguish  between  diseased  and  nondiseased  individuals — 
were  determined.  Results:  The  area  under  the  ROC  curve 
for  plasma  DNA  concentration  was  0.90  for  patients  with 
neoplastic  disease  versus  healthy  control  individuals  and 
0.74  for  patients  with  neoplastic  diseases  versus  control  pa¬ 
tients  with  non-neoplastic  diseases.  For  control  subjects 
given  a  specificity  of  100%  (95%  confidence  interval  [Cl]  = 
92%  to  100%),  the  highest  sensitivity  achieved  was  57% 
(95%  Cl  =  49%  to  67%).  AI  in  at  least  one  SNP  was  found 
in  87%  (95%  Cl  =  60%  to  98%)  of  patients  with  stage  I/II 
ovarian  cancer  and  95%  (95%  Cl  =  83%  to  99%)  of  patients 
with  stage  III/IV  ovarian  cancer,  but  AI  was  not  found  in  31 
patients  with  non-neoplastic  diseases  (specificity  =  100%, 
95%  Cl  =  89%  to  100%).  The  area  under  the  ROC  curve 
assessing  AI  was  0.95.  Combining  the  serum  CA  125  level 
with  the  plasma  DNA  concentration  increased  the  area  un¬ 
der  the  ROC  curve  from  0.78  (CA  125  alone)  to  0.84.  Con¬ 
clusion:  Plasma  DNA  concentration  may  not  be  sensitive  or 
specific  enough  for  cancer  screening  or  diagnosis,  even  when 
combined  with  CA  125.  AI  was  detected  with  high  specificity 
in  plasma  DNA  from  patients  with  ovarian  cancer  and 
should  be  studied  further  as  a  screening  tool.  [J  Natl  Cancer 
Inst  2002;94:1697-1703] 


Tumors  release  a  substantial  amount  of  genomic  DNA  into 
the  systemic  circulatory  system  of  many  cancer  patients,  prob¬ 
ably  through  cellular  necrosis  and  apoptosis  (1-3).  This  DNA 
can  be  detected  by  genetic  and  epigenetic  alterations  that  are 
specific  to  the  primary  tumor,  such  as  microsatellite  alterations, 
translocations,  mutations,  and  aberrant  patterns  of  methylation 
(4-6).  Genetic  instability  is  a  defining  molecular  signature  of 
most  human  cancers  (7,8)  and  is  characterized  molecularly  hy 
allelic  imbalance  (AI),  representing  losses  or  gains  of  defined 


chromosomal  regions.  Analysis  of  AI  can  be  used  to  elucidate 
the  molecular  basis  of  cancer  and  also  to  detect  cancer.  AI  has 
been  demonstrated  in  the  serum  or  plasma  obtained  from  pa¬ 
tients  with  lung  (9),  hreast  (10,11),  head  and  neck  (5,12),  renal 
( 13 ),  and  ovarian  (14)  cancers  and  with  melanoma  ( 15).  Some  of 
these  cancers  were  small  early-stage  neoplasms  at  the  time  of 
diagnosis,  suggesting  that  detection  of  AI  in  plasma  is  a  prom¬ 
ising  method  for  population-based  screening  (16).  At  least  two 
major  problems,  however,  are  associated  with  the  current  meth¬ 
ods  for  assessing  AI  in  plasma.  First,  plasma  DNA  is  a  mixture 
of  neoplastic  and  non-neoplastic  DNA.  Non-neoplastic  DNA 
released  from  non-neoplastic  cells  can  mask  AI  because  it  is 
difficult  to  quantify  the  allelic  ratio  with  microsatellite  markers. 
Second,  plasma  DNA  is  often  degraded  to  a  variable  extent, 
artificially  enriching  smaller  alleles  when  microsatellite  markers 
are  used  in  the  analysis  (17).  To  overcome  these  obstacles,  we 
used  a  recently  developed  polymerase  chain  reaction  (PCR)- 
based  approach  called  digital  single-nucleotide  polymorphism 
(SNP)  analysis,  in  which  the  paternal  or  maternal  alleles  within 
a  plasma  DNA  sample  are  individually  counted  to  provide  a 
quantitative  measure  of  such  imbalance  in  the  presence  of  nor¬ 
mal  DNA  (18-20). 

In  this  study,  we  first  assessed  the  feasibility  of  using  plasma 
DNA  concentration  as  a  screening  tool  for  cancer.  Increased 
levels  of  plasma  DNA  have  been  reported  in  many  cancer  pa¬ 
tients  but  not  in  healthy  individuals  without  major  diseases  (3); 
however,  these  studies  examined  relatively  few  patients.  In  this 
study,  we  tested  a  total  of  330  plasma  samples  obtained  from 
normal  healthy  individuals,  patients  with  various  neoplastic  dis¬ 
eases,  and  patients  with  a  variety  of  benign  non-neoplastic  dis¬ 
eases  to  reassess  the  specificity  previously  observed  (3).  We 
then  used  the  digital  SNP  analysis  to  determine  the  precise  al¬ 
lelic  status  of  plasma  DNA  and  to  test  the  ability  of  this  new 
technology  to  detect  early-stage  cancer.  Human  ovarian  cancer 
was  selected  as  the  prototypic  tumor  for  proof  of  principle,  be¬ 
cause  it  represents  one  of  the  most  insidious  and  aggressive 
human  cancers  in  which  cost-effective  screening  tests  have  not 
yet  been  developed  (21,22).  Patients  with  ovarian  cancer  gener¬ 
ally  present  with  disseminated  disease  at  diagnosis  (23),  and 
nearly  all  of  these  patients  die  of  their  disease.  In  contrast,  the 


Affiliation  of  authors:  H.  W.  Chang,  G.  Singer,  S.  K.  R.  Cho,  L.  J.  Sokoll,  R. 
Roden,  Z.  Zhang  (Department  of  Pathology),  S.  M.  Lee,  S.  N.  Goodman  (The 
Oncology  Center),  F.  J.  Montz  (Departments  of  Gynecology  and  Obstetrics),  D. 
W.  Chan  (Department  of  Pathology  and  The  Oncology  Center),  R.  J.  Kurman,  I. 
M.  Shih  (Departments  of  Pathology,  Gynecology,  and  Obstetrics)  The  Johns 
Hopkins  University  School  of  Medicine,  Baltimore,  MD. 

Correspondence  to:  le-Ming  Shih,  M.D.,  Ph.D.,  Department  of  Pathology, 
The  Johns  Hopkins  University  School  of  Medicine,  418  N.  Bond  St,  B-315, 
Baltimore,  MD  21231  (e-mail:  ishih@jhmi.edu). 

See  “Notes”  following  “References.” 

©  Oxford  University  Press 


Journal  of  the  National  Cancer  Institute,  Vol.  94,  No.  22,  November  20,  2002  ARTICLES  1697 


survival  rate  is  90%  for  women  with  tumors  confined  to  the 
ovary.  Thus,  the  development  of  a  plasma-based  molecular  di¬ 
agnostic  test  will  be  extraordinarily  useful  in  identifying  asymp¬ 
tomatic  patients  with  early  and  clinically  curable  neoplastic  dis¬ 
eases. 

Materials  and  Methods 
Samples  and  DNA  Purification 

A  total  of  330  plasma  samples  obtained  from  females  were 
retrieved  from  the  Gynecological  Pathology  Tumor  Bank  and 
the  Division  of  Clinical  Chemistry  in  the  Department  of  Pathol¬ 
ogy,  The  Johns  Hopkins  University  School  of  Medicine.  The 
waiver  of  patients’  consent  was  obtained  through  the  local  in¬ 
stitutional  research  board.  Plasma  samples  were  obtained  from 
54  patients  with  sporadic  ovarian  cancer,  68  patients  with  ma¬ 
lignant  neoplasms  with  other  tissue  origins,  164  patients  with  a 
variety  of  non-neoplastic  diseases  who  were  admitted  to  The 
Johns  Hopkins  Hospital  for  treatment,  and  44  healthy  individu¬ 
als  without  known  neoplastic  diseases  who  visited  The  Johns 
Hopkins  Hospital  for  a  routine  physical  examination.  Patients 
with  non-neoplastic  diseases  were  age-matched  with  the  54  pa¬ 
tients  with  ovarian  tumors.  Of  the  ovarian  tumors  studied,  12 
were  stage  I  (the  International  Federation  of  Gynecology  and 
Obstetrics  Staging  System),  three  were  stage  II,  36  were  stage 
III,  and  three  were  stage  IV.  A  histologic  examination  classified 
these  tumors  as  follows:  41  serous  carcinomas,  six  borderline 
tumors,  three  endometrioid  tumors,  two  clear  cell  carcinomas, 
one  granulosa  cell  tumor,  and  one  immature  teratoma.  The  se¬ 
lection  of  samples  for  this  study  was  based  on  the  availability  of 
specimens  in  the  tumor  bank  but  not  on  the  disease  category  or 
on  other  patients’  clinical  profiles.  The  plasma  DNA  concentra¬ 
tion  was  determined  for  all  330  patients,  and  plasma  DNA  from 
the  54  patients  with  ovarian  cancer  and  the  31  patients  with 
benign  diseases  was  analyzed  by  digital  SNP  analysis.  CA  125 
levels  were  determined  for  45  patients  with  ovarian  cancer  and 
18  control  patients  with  non-neoplastic  diseases. 

Blood  for  DNA  purification  was  collected  as  described  (24). 
All  cancer  specimens  were  obtained  just  before  surgery  and 
therapy.  Blood  was  collected  in  tubes  containing  EDTA  and  was 
centrifuged  with  the  Lymphoprep  reagent  (Life  Technologies, 
New  York,  NY)  at  lOOOg  within  2  hours  after  collection  to 
separate  plasma  and  lymphocytes,  both  of  which  were  distrib¬ 
uted  into  aliquots  and  stored  at  -80  °C  until  use. 

DNA  was  purified  from  plasma,  lymphocytes,  and  paraffin- 
embedded  tissue.  Areas  of  interest  in  paraffin-embedded  sec¬ 
tions,  including  tumor  and  normal  ovarian  tissue  or  myometri¬ 
um,  were  microdissected  under  a  phase-contrast  microscope, 
and  DNA  was  isolated  from  each  type  of  isolated  cells.  For  most 
plasma  specimens,  DNA  was  purified  from  200  p.L  of  plasma 
with  a  QIAamp  DNA  Blood  Kit  (Qiagen,  Valencia,  CA).  If  a 
plasma  specimen  had  a  DNA  concentration  of  less  than  10  ng/ 
mL,  DNA  was  purified  from  3  to  5  mL  of  plasma.  Tissue  DNA 
was  isolated  with  a  QIAquick  PCR  Purification  Kit  (Qiagen), 
and  lymphocyte  DNA  was  isolated  with  a  QIAamp  Tissue  Kit 
(Qiagen).  All  the  procedures  follow  the  manufacturer’s  instruc¬ 
tions. 

Quantitation  of  Plasma  DNA  and  Serum  CA  125 

The  DNA  concentration  was  measured  by  the  PicoGreen® 
double-stranded  DNA  quantitation  kit  (Molecular  Probes,  Inc., 


Eugene,  OR),  according  to  the  manufacturer’s  instructions.  The 
DNA  concentration  is  proportional  to  the  fluorescence  intensity 
generated  by  the  PicoGreen®  dye  that  binds  double-stranded 
DNA.  The  fluorescence  intensity  was  measured  by  a  FLUOstar 
Galaxy  fluorescence  microplate  reader  (BMG  Lab  Technolo¬ 
gies,  Durham,  NC).  The  DNA  concentrations  were  extrapolated 
from  the  standard  curves,  and  data  are  expressed  as  the  average 
of  six  replicates  for  each  sample.  The  DNA  measurement  was 
performed  blinded  without  the  knowledge  of  specimen  identifi¬ 
ers. 

Serum  CA  125  levels  were  measured  in  63  samples  with  a 
two-site  immunoenzymometric  assay  on  the  Tosoh  AIA-600  II 
analyzer  (Tosoh  Medics,  South  San  Francisco,  CA). 

Digital  SNP  Analysis 

AI  was  assessed  in  plasma  DNA  from  54  patients  with  ovar¬ 
ian  tumors  and  from  31  age-matched  women  with  non¬ 
neoplastic  diseases  by  use  of  the  digital  SNP  analysis  (18- 
20,25).  The  sequences  of  eight  SNP  markers  with  a  high 
frequency  of  allelic  losses  in  ovarian  carcinomas  (26-29)  were 
retrieved  from  the  National  Cancer  Institute  SNP  map  (http:// 
www.ncbi.nlm.nih.gov/entrez/query.fcgi7db  =  snp).  The  primers 
and  molecular  beacons  were  synthesized  by  Gene  Link  (Thorn- 
wood,  NY),  and  their  sequences  are  listed  in  Fig.  1  (19,20,25). 
Molecular  beacons  are  single-stranded  oligonucleotides  contain¬ 
ing  a  fluorescent  dye  and  a  quencher  on  their  5'  and  3'  ends, 
respectively.  Molecular  beacons  include  a  hairpin  structure  that 
brings  the  fluorophore  closer  to  the  quencher.  If  a  nucleotide 
target  complementary  to  the  loop  of  the  beacon  is  present  in  the 
PCR,  the  stem  is  forced  apart  and  the  quenching  is  relieved,  thus 
emitting  the  fluorescence.  Digital  SNP  analysis  was  performed 
as  previously  described  (18-20,25,30).  The  fluorescence  inten¬ 
sity  in  each  well  was  then  measured  with  a  Galaxy  FLUOstar 
fluorometer  (BMG  Lab  Technologies),  and  the  number  of  the 
specific  allele  in  each  sample  was  directly  determined  from  the 
fluorescence  measurements.  The  average  number  of  informative 
wells  containing  specific  alleles  from  an  individual  specimen 
was  200.  These  wells,  representing  maternal  or  paternal  alleles, 
were  used  to  calculate  the  allelic  ratio  (number  of  major  alleles/ 
number  of  total  alleles)  of  that  specimen.  The  experiment  was 
performed  in  a  blinded  fashion. 

Fraction  of  Tumor-Released  DNA  in  Plasma 

Digital  SNP  analysis  was  used  to  determine  the  fraction  of 
total  plasma  DNA  represented  by  tumor-released  DNA  as  fol¬ 
lows:  let  A  be  the  number  of  the  abundant  alleles  in  plasma,  B  be 
the  number  of  the  minor  alleles  in  plasma,  n  denote  DNA  de¬ 
rived  from  normal  cells,  and  t  denote  DNA  derived  from  tumor 
cells;  then  A  =  A^  H-  A^  and  B  =  B^  +  /?,.  If  AI  in  the  primary 
tumor  is  homogenous,  the  fraction  of  tumor-released  DNA  in 
plasma  (/j)  is  equal  to  (A^  +  B^y(A  +  B).  Both  alleles  are  in 
balance  in  DNA  released  from  normal  cells  (i.e.,  AJB^^  =1:1 
and  Ajj  =  B^),  because  two  alleles  in  normal  cells  are  composed 
of  one  maternal  and  one  paternal  allele.  In  human  tumors,  AI  is 
most  often  associated  with  loss  of  heterozygosity,  i.e.,  loss  of 
one  of  the  parental  alleles  present,  either  the  maternal  or  paternal 
allele,  in  the  patient’s  normal  cells  (31,32).  Therefore,  B^  =  0 
and  B  =  B^.  Given  that  Aj,  =  B^  and  B^  =  B,  then  =  (Aj  H- 
B,)/(A  +  B)  =  (A,)/(A  +  B)  =  (A-  AJ(A  +  B)  =  (A  -  B)/(A  + 
B).  The  numbers  of  A  and  B  alleles  are  determined  by  the  digital 
SNP  analysis. 
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Ch  SNPs 


Forward  primer 


Reverse  primer 


Molecular  beacon-green 


Molecular  beacon-red 


1p  8118 

5q  1578 
7q  273 
8p  1085 
12p  852 
15q  1861 
17p  p53 
18q  1468 


CAGGGCAAGACGCTGTGGT  AACAGAATGTGCTTCCCTCCC 

GTCACAAGCCTTTCCGTGTGAAA  GGTATAGGTTTTACTGGTGAAGTTGG 

AGGGCTAGAGTATGAGAAGTCC  GTAATTTAGGTGAGCTATCCAGAG 

CACTGAATGCTCTGCCATGA  AACCTGTCCTTGTGGGTGAT 

TGATCTGCTTCTCCCACGA  TGGAGTCCCAGACATTGCA 

ACAGCCATTTATTATGTTTACTTGG  AGAATAATTGTGATAAGAATTCCCC 

AAGACCCAGGTCCAGATGA  GGTGTAGGAGCTGCTGGTG 

AGCGAGCATCAGAATCACCT _ CGGGACAAGCAGCATCT _ 


CACGCTGCCCAGCGCACGGCCGTG 

CACGTCTGCGTCGTCTTCTGCCGTG 

CACGGTTTTTTTTCCCTATAACGTG 

CACGATGAGCCACAAGCAGCACGTG 

CACGATCACGTCCGTGGCCTTCCGTG 

CACGAGCCAACACGGAGGTGACGTG 

CACGGCTCCCCCCGTGGCCCGTG 

CACGTGGGGCTTACAAATTAGTATCGTG 


CACGCTGCCCAGTGCACGGCCGTG 

CACGATCTGCGTCTTCTTCTGCCGTG 

CACGGTTTTTTTTTCCTATAACGTG 

CACGATGAGCCGCAAGCAGCCGTG 

CACGATCACGTCTGTGGCCTTCCGTG 

CACGAGCCAACATGGAGGTGACGTG 

CACGGCTCCCCGCGTGGCCCGTG 

CACGTGGGGCTTACGAATTAGTATCGTG 


Fig.  1.  Primers  and  probes  used  for  digital  single-nucleotide  polymorphism  (SNP)  analysis.  Ch  =  chromosomal  arm. 


Statistical  Analysis 

Receiver-operating  characteristic  (ROC)  curves  were  used  to 
assess  the  feasibility  of  using  plasma  DNA  concentration  and 
allelic  status  as  diagnostic  tools  for  detecting  ovarian  and  other 
cancers.  An  ROC  curve  is  a  graphic  representation  of  the  sen¬ 
sitivity  plotted  against  the  false-positive  rate  (i.e.,  1  minus  speci¬ 
ficity),  and  the  ROC  curve  is  used  to  evaluate  the  performance 
of  a  test  at  different  thresholds  of  a  diagnostic  measure.  The  area 
under  the  ROC  curve  is  a  measure  of  the  overall  ability  of  a 
diagnostic  test  with  multiple  cutoffs  to  distinguish  between  dis¬ 
eased  and  control  individuals. 

For  the  plasma  DNA  concentration,  two  separate  analyses 
were  performed:  one  with  patients  with  non-neoplastic  disease 
as  control  subjects  and  the  other  with  healthy  patients  without 
known  major  diseases  as  control  subjects.  Plasma  DNA  concen¬ 
tration  was  evaluated  at  cutoff  values  of  5,  10,  15,  23,  30,  40,  60, 
100,  200,  and  500  ng/mL.  For  the  analysis  of  allelic  status,  the 
allelic  proportion  (abundant  alleles/total  alleles)  was  evaluated 
at  cutoff  values  of  0.55,  0.60,  0.65,  0.70,  0.75,  0.80,  0.85,  0.90, 
and  0.95.  AI  is  defined  in  this  system  as  having  at  least  one 
informative  marker  above  the  cutoff  among  the  eight  markers 
tested.  With  the  use  of  the  ROC  curves,  we  selected  the  point 
with  the  highest  sensitivity,  given  100%  specificity,  and  calcu¬ 
lated  the  exact  binomial  95%  confidence  interval  (Cl)  for  the 
corresponding  sensitivity  and  specificity.  A  high  specificity  is 
desirable  for  screening  technologies  that  could  be  applied  to  a 
population  of  asymptomatic  individuals  with  a  very  low  preva¬ 
lence  of  disease. 

Logistic  regression  models  were  used  to  evaluate  whether  the 
combination  of  plasma  DNA  concentration  and  CA  125  level 
increased  the  sensitivity  and  the  specificity  for  detecting  ovarian 
cancer  and  to  generate  ROC  curves.  CA  125  was  used  both  as  a 
continuous  and  dichotomous  predictor;  the  standard  clinical  nor¬ 
mal  upper  limit  for  CA  125  of  35  lU/mL  was  applied  (21).  The 
areas  under  the  ROC  curves  with  and  without  the  inclusion  of 
plasma  DNA  concentration  were  measured.  All  statistical  tests 
were  two-sided. 

Results 

Quantitation  of  Plasma  DNA 

Plasma  DNA  concentrations  were  determined  for  330  indi¬ 
viduals:  122  patients  with  neoplastic  disease,  164  patients  with 
non-neoplastic  diseases,  and  44  healthy  individuals.  The  specific 
diagnoses  of  the  patients  with  neoplastic  and  non-neoplastic  dis¬ 


eases  are  presented  in  Table  1.  Plasma  DNA  concentration 
ranged  from  0  to  6707  ng/mL.  The  median  DNA  concentrations 
were  as  follows:  in  the  44  healthy  patients,  7  ng/mL  (10*-90* 
percentile  =  0-20  ng/mL);  in  the  patients  with  non-neoplastic 
diseases,  16  ng/mL  (10*-90*  percentile  =  7-71  ng/mL);  and  in 
the  patients  with  neoplastic  diseases,  59  ng/mL  (10*-90*  per¬ 
centile  =  10-844  ng/mL)  (P<.001,  Kruskal-Wallis  test).  The 
area  under  the  ROC  curve  assessing  plasma  DNA  concentration 
was  0.90  for  healthy  control  subjects  and  0.74  for  control  pa¬ 
tients  with  a  non-neoplastic  disease  (Fig.  2).  For  healthy  control 
subjects,  given  a  specificity  of  100%  (95%  Cl  =  92%  to  100%), 
the  highest  sensitivity  that  could  be  obtained  was  57%  (95%  Cl 
=  49%  to  67%).  The  sensitivity  of  plasma  DNA  concentration 
at  any  given  specificity  was  substantially  lower  when  applied  to 
control  patients  with  a  non-neoplastic  disease  (Fig.  2).  Although 
the  number  of  control  patients  in  each  subgroup  of  benign  dis¬ 
eases  was  small,  no  association  was  detected  between  DNA 
concentrations  and  a  particular  benign  disease. 


Table  1.  Patient  characteristics 


Diagnosis 

No.  of  patients 

Healthy  normal 

44 

Non-neoplastic  disease 

164 

Anemia 

8 

AIDS  (acquired  immunodeficiency  syndrome) 

10 

Musculoskeletal  disease 

10 

Diabetes  mellitus 

7 

Cardiovascular  disease 

13 

Asthma  and  pulmonary  disease 

5 

Essential  hypertension 

6 

Infectious  disease 

19 

Autoimmune  disease 

10 

Status  post  organ  transplant 

23 

Liver  disease 

9 

Trauma 

8 

Neurologic  disorder 

12 

Gynecologic  disease 

10 

Drug  abuse 

8 

Others 

8 

Neoplastic  disease 

122 

Ovarian  tumor 

54 

Endometrial/cervical  carcinoma 

10 

Head  and  neck  carcinoma 

11 

Sarcoma 

4 

Breast  carcinoma 

8 

Lung  carcinoma 

11 

Gastrointestinal  carcinoma 

11 

Brain  tumor 

5 

Others 

6 
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A  Area  under  ROC  curve  =  0.9038 


1  -  Specificity 


1  -  Specificity 


Fig.  2.  A)  Receiver-operating  characteristic  (ROC)  curve  for  plasma  DNA  con¬ 
centration  with  cutoff  values  of  5,  10,  15,  20,  30,  40,  60,  100,  200,  and  500 
ng/mL  in  44  healthy  normal  individuals  and  122  patients  with  a  variety  of 
neoplasms.  B)  ROC  curve  for  plasma  DNA  concentration  with  cutoff  values  of 
5,  10,  15,  20,  30,  40,  60,  100,  200,  and  500  ng/mL  in  164  control  patients  with 
non-neoplastic  disease  and  122  patients  with  various  neoplasms. 


Analysis  of  AI  in  Plasma  DNA 

Digital  SNP  analysis  was  performed  to  assess  AI  in  plasma 
DNA  from  54  patients  with  ovarian  neoplasms  and  31  patients 
with  non-neoplastic  diseases  who  had  plasma  DNA  levels 
greater  than  50  ng/mL.  The  median  number  of  informative 
markers  per  patient  was  4  (10*-90*  percentile  =  2-6).  The 
highest  sensitivity  and  specificity  were  obtained  at  a  threshold 
level  for  allelic  proportion  of  0.6.  The  specificity  was  100%  (31 
of  31,  95%  Cl  =  89%  to  100%),  and  the  sensitivity  was  93%  (50 
of  54,  95%  Cl  =  82%  to  98%).  None  of  the  31  control  patients 
with  non-neoplastic  diseases  had  AI.  When  the  cutoff  of  0.6  was 
used  to  define  AI,  the  sensitivity  of  AI  in  patients  with  early- 
stage  (I/II)  ovarian  cancer  was  87%  (13  of  15,  95%  Cl  =  60% 
to  98%),  and  the  sensitivity  of  AI  in  patients  with  late-stage 
(III/IV)  ovarian  cancer  was  95%  (37  of  39,  95%  Cl  =  83%  to 


99%).  The  area  under  the  ROC  curve  assessing  AI  was  0.95 
(Fig.  3,  A). 

For  comparison,  the  area  under  the  ROC  curve  assessing 
plasma  DNA  concentration  as  the  diagnostic  tool  to  detect  ovar¬ 
ian  tumors  was  0.75  (Fig.  3,  B).  Requiring  a  specificity  of  100% 
(95%  Cl  =  89%  to  100%),  the  highest  sensitivity  achieved  was 
54%  (95%  Cl  =  40%  to  67%)  at  a  cutoff  of  60  ng/mL.  The 
sensitivity  for  early-stage  (I/II)  ovarian  cancer  was  47%  (7  of  15, 
95%  Cl  =  21%  to  73%),  and  the  sensitivity  for  late-stage  (III/ 
IV)  ovarian  cancer  was  56%  (22  of  39,  95%  Cl  =  40%  to  72%). 

When  digital  SNP  analysis  was  used  to  determine  the  fraction 
of  tumor-released  DNA  in  total  plasma  DNA  (/j),  we  found  that 
tumor-released  DNA  contributed  substantially  to  the  total 
plasma  DNA  in  the  majority  of  samples  with  an  average  of 
0.48  (95%  Cl  =  0.43  to  0.53)  and  a  range  from  0.26  to  0.89.  We 


A  Area  under  ROC  curve  =  0.9498 
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Fig.  3.  A)  Receiver-operating  characteristic  (ROC)  curve  for  allelic  imbalance 
with  cutoff  values  in  allelic  ratio  of  0.55,  0.60,  0.65,  0.70,  0.75,  0.80,  0.85,  0.90, 
and  0.95  in  54  patients  with  ovarian  neoplasm  and  31  control  patients  with 
non-neoplastic  disease.  B)  ROC  curve  for  plasma  DNA  concentration  with  cut¬ 
off  values  of  5,  10,  15,  20,  30,  40,  60,  100,  200,  and  500  ng/mL  in  54  patients 
with  ovarian  neoplasm  and  31  control  patients  with  non-neoplastic  disease. 
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were  unable  to  demonstrate  that  the  was  associated  with  the 
amount  of  total  plasma  DNA  because  the  r  (correlation  coeffi¬ 
cient  of  linear  regression)  value  was  only  0.3. 

The  digital  SNP  analysis  was  validated  by  using  eight  repre¬ 
sentative  samples,  including  four  with  AI  and  four  with  allelic 
balance,  and  repeating  the  digital  SNP  analysis  three  times  on 
plasma  aliquots  from  the  same  patient.  The  allelic  ratios  were 
consistent  between  the  original  and  the  repeated  assays  in  all 
samples  tested  (data  not  shown).  To  assess  the  AI  pattern  in  the 
corresponding  primary  tumors,  we  determined  the  allelic  status 
of  the  tumors  with  the  same  eight  SNP  markers  in  17  represen¬ 
tative  tumors  with  available  tissue.  Among  these  17  tumors,  15 
had  an  AI  pattern  identical  to  that  of  the  corresponding  plasma 
DNA  sample.  The  remaining  two  tumors  showed  a  discordant 
AI  pattern  in  at  least  one  informative  SNP  marker. 

Combined  Analysis  of  Plasma  DNA  Concentration  and 
Serum  CA  125  Level 

Serum  CA  125  data  were  determined  for  63  of  the  85  patients 
with  digital  SNP  analyses:  45  with  ovarian  cancer  and  18  with  a 
non-neoplastic  disease.  The  area  under  the  ROC  curve  assessing 
CA  125  was  0.78  when  serum  CA  125  level  alone  was  used  as 
a  continuous  measure  (Fig.  4,  A).  When  a  combination  of 
plasma  DNA  with  serum  CA  125  derived  from  a  logistic  regres¬ 
sion  equation  was  used,  the  area  under  the  ROC  curve  assessing 
the  combination  of  CA  125  and  plasma  DNA  concentration  was 
0.84  (Fig.  4,  B;  P  =  .08  for  incremental  contribution  of  DNA 
level).  The  areas  under  the  curves  were  similar  when  the  CA  125 
cutoff  value  of  35  lU/ml  (the  standard  clinical  cutoff)  was  used. 
With  this  cutoff  value,  the  sensitivity  was  67%  (95%  Cl  =  51% 
to  80%)  and  the  specificity  was  89%  (95%  Cl  =  65%  to  99%). 

Discussion 

The  results  of  this  study  indicate  that  measurement  of  plasma 
DNA  concentrations  has  a  sensitivity  and  specificity  for  cancer 
that  may  be  too  low  for  population  screening.  In  contrast,  digital 
SNP  analysis,  which  allows  the  number  of  the  two  parental 
alleles  in  plasma  to  be  precisely  counted  and  the  allelic  status  to 
be  unequivocally  determined  in  the  background  of  normal  DNA, 
appears  to  be  a  promising  method  for  detecting  at  least  ovarian 
cancer.  This  method  should  be  tested  more  extensively  on  ovar¬ 
ian  and  other  cancers. 

Because  tumors  release  DNA  into  plasma,  we  expected  that 
increased  amounts  of  plasma  DNA  would  be  detected  in  the 
majority  of  cancer  patients  and  that  a  simple  measurement  of 
plasma  DNA  would  offer  a  cost-effective  approach  for  popula¬ 
tion-based  cancer  screening.  In  this  study,  even  though  there  was 
a  highly  statistically  significant  difference  in  the  average  plasma 
DNA  levels  between  cancer  patients  and  both  healthy  control 
subjects  and  control  patients  with  non-neoplastic  disease,  no 
cutoff  value  for  plasma  DNA  concentration  produced  perfor¬ 
mance  characteristics  that  would  make  it  a  good  screening  tool 
for  neoplastic  disease. 

Why  plasma  DNA  levels  were  not  elevated  in  some  patients 
with  neoplastic  disease,  even  when  their  tumors  were  large,  is 
unclear.  Perhaps  minimal  cell  death  resulted  in  a  slow  release  of 
tumor  DNA  and/or  the  half-life  of  plasma  DNA  was  short  be¬ 
cause  of  a  high  clearance  rate.  Digital  SNP  analysis  of  plasma 
DNA  from  patients  with  ovarian  cancer  and  control  patients  with 
non-neoplastic  diseases  and  with  elevated  plasma  DNA  showed 
that  these  tumors  contributed  a  substantial  fraction  of  DNA  in 
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Fig.  4.  A)  Receiver-operating  characteristic  (ROC)  curve  for  serum  CA  125 
levels.  Data  from  45  samples  in  patients  with  ovarian  neoplasm  and  18  samples 
from  control  patients  with  non-neoplastic  diseases  are  included.  B)  ROC  curve 
for  plasma  DNA  concentrations  with  cutoff  values  of  5,  10,  15,  20,  30,  40,  60, 
100,  200,  and  500  ng/mL,  adjusted  by  serum  CA  125  levels.  Data  from  45 
patients  with  ovarian  neoplasm  and  18  control  patients  with  non-neoplastic 
diseases  included. 


the  majority  of  patients,  even  in  those  with  low  absolute  levels 
of  plasma  DNA.  The  allelic  balance  identified  in  the  plasma 
DNA  from  four  cancer  patients  could  indicate  that  all  markers 
tested  in  the  corresponding  primary  tumors  also  showed  allelic 
balance.  Alternatively,  AI  might  be  masked  by  the  overwhelm¬ 
ing  amount  of  normal  DNA  that  may  have  originated  from  al- 
lelically  balanced  nontumor  cells  (3,33,34).  The  above  findings 
are  consistent  with  the  conclusion  from  a  previous  report  that 
detected  AI  with  quantitative  methylation-specific  PCR  (3).  Al¬ 
though  the  AI  pattern  in  plasma  and  in  the  corresponding  tumor 
was  concordant  in  most  patients  analyzed,  two  patients  did  not 
show  the  identical  pattern.  The  discordant  allelic  pattern  in  the 
plasma  and  the  primary  tumor  has  been  recently  reported,  and  it 
likely  reflects  intratumoral  clonal  heterogeneity  and  biased  tis¬ 
sue  sampling  (35). 
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How  does  our  method  compare  with  current  screening  ap¬ 
proaches  for  ovarian  cancer?  Although  pelvic  and,  more  re¬ 
cently,  vaginal  sonography  have  been  used  to  screen  high-risk 
patients,  both  techniques  lack  sufficient  sensitivity  and  specific¬ 
ity  to  screen  the  general  population  (36).  CA  125  is  used  in  the 
postoperative  management  of  patients  with  ovarian  carcinoma, 
but  it  lacks  sufficient  sensitivity  and  specificity  as  a  screening 
tool.  Specifically,  CA  125  is  negative  in  30%^0%  of  patients 
with  ovarian  carcinomas,  and  its  levels  are  elevated  in  a  variety 
of  benign  diseases  (37-39).  Combining  results  of  CA  125  and 
plasma  DNA  testing  did  little  to  enhance  the  predictive  value  of 
either,  because  they  were  closely  correlated. 

There  is  little  evidence  that  measurement  of  AI  alone  would 
provide  tissue-specific  information  regarding  tumor  sites  be¬ 
cause  of  the  high  frequency  of  genetic  instability  in  a  variety  of 
cancer  types.  This  problem  may  limit  the  usefulness  of  AI  as 
a  clinical  diagnostic  test  for  the  early  detection  of  a  particu¬ 
lar  type  of  cancer.  There  are,  however,  many  existing  or  emerg¬ 
ing  biomarkers  that  are  relatively  tissue-specific,  yet  their  sen¬ 
sitivity  is  too  low  for  them  to  be  used  as  stand-alone  diagnostic 
tests  (21).  It  is  possible  that  a  combination  of  determining  AI 
and  testing  for  one  or  more  tissue- specific  serologic  biomarkers 
could  produce  a  diagnostic  index  that  is  cancer-type  specific 
and  has  a  much  improved  sensitivity  over  the  original  bio¬ 
markers. 

This  report  provides  preliminary  evidence  that  AI  in  plasma 
DNA  can  be  detected  with  apparently  high  specificity  by  digital 
SNP  analysis  in  a  substantial  percentage  of  patients  with  poten¬ 
tially  curable  ovarian  carcinomas.  This  evidence  suggests  that 
this  technology  might  be  useful  in  patients  who  present  with 
adnexal  masses.  However,  before  digital  SNP  analysis  becomes 
a  practical  cancer  screening  tool,  several  issues  need  to  be  ad¬ 
dressed.  In  this  study,  the  sensitivity  of  digital  SNP  analysis  in 
diagnosing  early-stage  ovarian  cancer  was  87%  (95%  Cl  =  60% 
to  98%).  Sensitivity  might  be  improved  by  increasing  the  num¬ 
ber  of  SNPs  in  the  assay  to  determine  whether  sensitivity  could 
be  increased  without  decreasing  specificity.  Results  of  a  digital 
SNP  analysis  could  also  be  combined  with  results  for  tests  of 
mutant  genes  specific  for  ovarian  cancer.  The  effect  on  sensi¬ 
tivity  of  broadening  the  array  of  cancers  tested  will  have  to  be 
studied. 

It  should  be  noted  that  the  specificity  and  the  sensitivity 
obtained  with  the  optimal  cutoff  value  from  this  study  will  prob¬ 
ably  not  be  as  high  when  applied  to  other  sets  of  patients.  In 
addition,  the  95%  CIs  in  this  study  were  fairly  wide.  The  lower 
confidence  bound  on  the  100%  specificity  estimate  was  89%, 
meaning  that  more  noncancer  patients  must  be  studied  to  in¬ 
crease  the  precision  of  that  estimate  before  the  test  is  widely 
applied.  The  control  population  in  our  SNP  study  was  selected  to 
have  a  high  concentration  of  plasma  DNA.  Although  we  thought 
that  this  selection  would  only  decrease  specificity,  that  has  not 
been  demonstrated,  and  it  will  be  important  to  confirm  these 
numbers  with  more  representative  control  subjects  in  prospec¬ 
tive  cohort  studies. 

Finally,  it  should  be  noted  that  although  the  current  cost  of 
digital  SNP  analysis  is  quite  high  (>$200  per  test),  it  could  be 
fully  automated  by  using  a  high-throughput  format  to  reduce 
labor  and  reagent  cost.  Because  digital  SNP  analysis  is  based  on 
the  discrimination  of  SNP  on  a  single  molecule  basis,  powerful 
new  tools  being  developed  for  nanotechnology  could  be  appli¬ 
cable  (40,41). 
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Recent  studies  have  suggested  an  oncogenic  role  of  the  BTB/POZ- 
domain  genes  in  hematopoietic  maiignancy.  The  aim  of  this  study 
is  to  identify  and  characterize  BTB/POZ-domain  genes  in  the 
development  of  human  epithelial  cancers,  i.e.,  carcinomas.  In  this 
study,  we  focused  on  ovarian  carcinoma  and  anaiyzed  gene  ex¬ 
pression  levels  using  the  seriai  analysis  of  gene  expression  (SAGE) 
data  in  ali  130  deduced  BTB/POZ  genes.  Our  analysis  reveais  that 
NAC-1  is  significantly  overexpressed  in  ovarian  serous  carcinomas 
and  several  other  types  of  carcinomas.  Immunohistochemistry 
studies  in  ovarian  serous  carcinomas  demonstrate  that  NAC-1  is 
localized  in  discrete  nuclear  bodies  (tentatively  named  NAC-1 
bodies),  and  the  ievels  of  NAC-1  expression  correiate  with  tumor 
recurrence.  Furthermore,  intense  NAC-1  immunoreactivity  in  pri¬ 
mary  tumors  predicts  early  recurrence  in  ovarian  cancer.  Both 
coimmunoprecipitation  and  doubie  immunofiuorescence  staining 
demonstrate  that  NAC-1  moiecuies  homooligomerize  through  the 
BTB/POZ  domain.  Induced  expression  of  the  NAC-1  mutant  con¬ 
taining  oniy  the  BTB/POZ  domain  disrupts  NAC-1  bodies,  prevents 
tumor  formation,  and  promotes  tumor  celi  apoptosis  in  estabiished 
tumors  in  a  mouse  xenograft  modei.  Overexpression  of  full-iength 
NAC-1  enhanced  tumorigenicity  of  ovarian  surface  epithelial  cells 
and  NIH  3T3  cells  in  athymic  nu/nu  mice.  In  summary,  NAC-1  is  a 
tumor  recurrence-associated  gene  with  oncogenic  potential,  and 
the  interaction  between  BTB/POZ  domains  of  NAC-1  proteins  is 
criticai  to  form  the  discrete  NAC-1  nuclear  bodies  and  essential  for 
tumor  cell  proliferation  and  survival. 

oncogene  |  ovarian  cancer  |  serial  analysis  of  gene  expression 

The  BTB  (bric-a-brac  tramtrack  broad  complex)  (also  known  as 
POZ)  gene  family  is  composed  of  several  proteins  that  share  a 
conserved  BTB/POZ  protein-protein  interaction  motif  at  the  N 
terminus  that  mediates  homodimer  or  heterodimer  formation 
(1-3).  These  proteins  have  been  demonstrated  to  participate  in  a 
wide  variety  of  cellular  functions  including  transcription  regulation, 
cellular  proliferation,  apoptosis,  cell  morphology,  ion  channel  as¬ 
sembly,  and  protein  degradation  through  ubiquitination  (1).  A 
subset  of  BTB/POZ  proteins  have  been  implicated  in  human 
cancer,  and  they  include  BCL-6  (4,  5),  PLZF  (promyelocytic 
leukemia  zinc  finger)  (4,  6),  leukemia/lymphoma-related  factor 
(LRF)/Pokemon  (7,  8),  FlIC-1  (hypermethylated  in  cancer-1),  and 
Kaiso  (9,  10).  Among  them,  the  BCL-6  gene  is  the  best  character¬ 
ized  oncogene.  Frequent  gene  translocation  or  mutation  has  been 
identified  in  B  cell  lymphoma,  resulting  in  constitutive  BCL-6 
expression  in  the  tumor  cells  (4,  5).  Peptide  inhibitors  that  block 
interaction  between  the  BCL-6  BTB/POZ  domain  and  corepressors 
abrogate  BCL-6  oncogenic  functions  in  B  cells,  suggesting  that  the 
use  of  peptide  inhibitors  of  the  BTB/POZ  domain  may  represent  a 
therapeutic  approach  for  B  cell  lymphoma  (5).  As  the  role  of 
BTB/POZ  proteins  in  human  cancer  is  emerging,  we  have  analyzed 
the  expression  patterns  of  tumor-associated  BTB/POZ  genes  in 
ovarian  cancer  in  silico  using  the  serial  analysis  of  gene  expression 


(SAGE)  database.  Ovarian  cancer  was  selected  in  this  study  be¬ 
cause  this  disease  represents  one  of  the  most  aggressive  cancer  types 
in  women.  Most  patients  with  ovarian  cancer  are  diagnosed  at 
advanced  stages  when  conventional  therapy  is  less  effective.  As  a 
result,  most  ovarian  cancer  patients  suffer  from,  and  eventually 
succumb  to,  recurrent  disease.  New  therapeutic  agents  are  urgently 
needed  for  effective  treatment  to  improve  outcome  in  these  pa¬ 
tients.  In  this  study,  we  focused  on  a  BTB/POZ  gene,  NAC-1,  that 
is  overexpressed  in  ovarian  cancer,  particularly  in  recurrent  disease. 
We  demonstrated  that  NAC-1  plays  a  critical  role  in  tumorigenesis 
and  in  the  growth  and  survival  of  tumor  cells. 

Results 

NAC-1  Expression  Is  Associated  with  Cancer  Development.  A  total  of 
11  SAGE  libraries  were  used  to  screen  130  BTB/POZ  domain- 
containing  genes  for  overexpression  in  high-grade  ovarian  serous 
carcinomas  as  compared  with  ovarian  surface  epithelium  and 
benign  ovarian  cystadenoma.  Sixteen  genes  were  selected  based  on 
an  average  tag  count  per  library  >10  (Table  2,  which  is  published 
as  supporting  information  on  the  PNAS  web  site).  Among  these  16 
genes,  a  gene  named  NAC-1  (BTBD14B  HS.531614)  showed  the 
highest  ratio  of  average  tag  counts  in  ovarian  carcinoma  to  controls 
(ovarian  surface  epithelium  and  benign  ovarian  cyst)  and  was 
therefore  selected  for  validation  and  characterization  in  this  study. 
The  SAGE  database  was  also  used  to  analyze  NAC-1  expression  in 
different  cancer  types  and  their  corresponding  normal  tissues.  As 
shown  in  Fig.  1,  in  addition  to  ovarian  cancer,  NAC-1  was  up- 
regulated  in  several  tumors  from  other  organs  including  pancreatic, 
colorectal,  and  breast  carcinomas,  although  the  sample  size  of 
SAGE  libraries  in  most  of  tumor  types  was  too  small  for  a  statistical 
analysis. 

To  validate  the  SAGE  results  in  ovarian  cancer,  we  generated  a 
mouse  monoclonal  antibody  (NAC-1  Ab  clone  3)  that  reacted  to  the 
C  terminus  of  the  NAC-1  protein  and  performed  immunohisto¬ 
chemistry  in  265  ovarian  tumors  and  normal  tissue  samples  (Table 
3,  which  is  published  as  supporting  information  on  the  PNAS  web 
site).  The  specificity  of  the  NAC-1  antibody  was  evaluated  by 
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Fig.  1.  Scatter  plot  of  NAC-1  tags  in  several  major  tumor  types.  NAC-1 
expression  level  is  analyzed  by  counting  NAC-1 -specific  tags  from  SAGE  librar¬ 
ies  in  both  cancer  tissue  (T,  filled  symbols)  and  the  corresponding  normal 
tissues  (N,  open  symbols).  The  NAC-1  tags  are  normalized  to  tags  per  100,000 
(y  axis).  The  dash  line  in  each  tumor  type  indicates  the  "ceiling"  tag  number 
in  normal  tissue  libraries.  Each  symbol  represents  an  individual  specimen. 


reciprocal  immunoprecipitationAVestern  blot  analyses  in  RK3E 
cells  transfected  with  pCDNA6-V5/NAC-l  and  vector  control.  A 
single  band  with  a  molecular  mass  of  ^57  kDa  corresponding  to 
NAC-1  protein  was  detected  in  AdC-i -transfected  cells  but  not  in 
control  cells  (Fig.  2A).  Because  the  immunoreactive  tumor  cells 
always  exhibited  diffuse  staining,  we  used  intensity  scores  to  quan¬ 
tify  NAC-1  expression  in  tissues.  In  contrast  to  normal  ovaries  and 
benign  ovarian  cystadenomas,  both  low-  and  high-grade  serous 
carcinomas  demonstrated  a  higher  NAC-1  immunoreactivity,  with 
27%  and  40%  of  cases  showing  2-1-  and  3-1- ,  respectively  test,P  < 
0.001)  (Fig.  2  B-D  and  Table  3).  The  number  of  high-grade  cases 
with  high  NAC-1  immunointensity  (2-1-  and  3-I-)  was  significantly 
higher  than  that  in  low-grade  carcinoma  (P  <  0.01).  Immunoflu¬ 
orescence  revealed  that  NAC-1  was  localized  to  dot-like  structures 
in  those  tumors  showing  strong  NAC-1  immunointensity  (2-1-  and 
3-I-)  (Fig.  2  E  and  F).  Ultrastructural  analysis  using  ImmunoGold 
labeling,  and  electron  microscopy  further  revealed  that  NAC-1  was 
localized  to  discrete  nuclear  bodies,  tentatively  termed  “NAC-1 
bodies”,  with  a  diameter  ranging  from  0.3  to  1.8  p,m  (Fig.  2G). 

Overexpression  of  NAC-1  Correlates  with  Recurrent  Ovarian  Cancer.  It 

is  widely  accepted  that  recurrent  tumors  represent  the  true  “killer” 


Table  1.  Increased  NAC-1  immunoreactivity  correlates  with  first 
tumor  recurrence 


JHMI  (solid  tumors)  NRH  (effusions) 


0+/1  + 

2+/3  + 

0+/1  + 

2+/3  + 

Primary 

71 

39 

62 

49 

First  recurrent 

21 

35 

22 

39 

Total 

92 

74 

84 

88 

in  cancer  patients,  because  the  primary  tumors  are  usually  removed 
by  surgery.  Identification  of  molecular  targets  that  are  present  in 
recurrent  tumors  would  be  important  in  the  development  of  a 
prognostic  test  and  a  novel  therapeutic  intervention  for  cancer 
patients.  Thus,  we  addressed  whether  NAC-1  expression  was  re¬ 
lated  to  tumor  progression  by  analyzing  primary  and  recurrent 
ovarian  high-grade  serous  carcinomas  using  immunohistochemistry 
and  quantitative  real-time  PCR.  NAC-1  immunohistochemistry 
was  performed  at  two  institutions,  Johns  Hopkins  Medical  Insti¬ 
tutions  (JHMI,  solid  tumors)  and  Norwegian  National  Radium 
Hospital  (NRH,  effusions),  by  using  independent  sets  of  ovarian 
cancer  specimens,  and  the  results  are  presented  in  a  2  X  2 
contingency  table  (Table  1).  Among  182  JHMI  high-grade  carci¬ 
noma  cases,  we  analyzed  166  samples  including  110  primary  and  56 
first  recurrent  tumors.  The  remaining  16  specimens  that  were 
obtained  from  second  and  third  recurrence  were  not  included  in  the 
analysis.  Both  JHMI  and  NRH  studies  demonstrated  that  a  higher 
NAC-1  staining  intensity  (2-1-  and  3-I-)  was  more  frequently  found 
in  recurrent  than  in  primary  tumor  tissues  {P  <  0.01  in  JHMI  and 
P  =  0.013  in  NRH,  test).  To  validate  the  immunohistochemistry 
results,  we  performed  quantitative  real-time  PCR  using  samples 
from  JHMI  to  assess  the  correlation  of  NAC-1  mRNA  expression 
levels  and  the  recurrence  status.  We  found  that  an  increased  AM  C-7 
transcript  level  significantly  correlated  with  recurrent  disease  {P  = 
0.012,  Mann-Whitney  test)  (Fig.  3A).  The  association  of  NAC-1 
expression  and  recurrent  status  was  independent  of  clinical  stage 
(III  versus  IV)  at  diagnosis. 

Among  56  recurrent  carcinomas  from  JHMI,  there  were  21  cases 
for  which  the  corresponding  primary  tumors  were  available  from 
the  same  patients  for  comparison.  A  statistically  significant  increase 
in  NAC-1  immunointensity  (2-1-  and  3-I-)  was  found  in  recurrent 
tumors  as  compared  with  the  primary  tumors  from  the  same 
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Fig.  2.  Immunoreactivity  of  NAC-1  in  ovarian  cancer 
tissues.  (A)  ImmunoprecipitationAA/estern  blot  analy¬ 
ses  using  NAC-1  and  V5  antibodies  in  RK3E  cells  trans¬ 
fected  with  pCDNA6-NAC-1A/5  {RK3E-C1)  or  vector- 
only  control  (Vec).  A  discrete  band  corresponding  to 
NAC-1  protein  mass  is  identified  in  this  reciprocal  anal¬ 
ysis.  {B-D)  The  NAC-1  immunointensity  is  undetectable 
or  weak  in  normal  ovarian  surface  epithelium  (B)  but 
is  strong  in  a  high-grade  serous  carcinoma  (Cand  D).  {E 
and  F)  Immunofluorescence  of  NAC-1  protein  localiza¬ 
tion  in  ovarian  cancer  cells  in  a  tissue  section.  Tumor 
cel  Is  contain  NAC-1  protein,  which  is  located  in  discrete 
nuclear  bodies  (f).  The  adjacent  stromal  cells  are  neg¬ 
ative  for  NAC-1  immunoreactivity.  A  higher  magnifi¬ 
cation  demonstrates  the  NAC-1  nuclear  bodies  by  us¬ 
ing  a  confocal  fluorescence  microscope  {F).  (G) 
Ultrastructure  of  NAC-1  bodies.  ImmunoGold  labeling 
of  NAC-1-expressing  RK3E  cells  demonstrates  elec¬ 
tron-dense  bodies  decorated  by  gold  particles  in  the 
nuclear  matrix. 
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Fig.  3.  NAC1  expression  correlates  with  tumor  progression  in  ovarian  serous 
carcinomas.  (A)  Quantitative  real-time  PCR  analysis  shows  higher  NAC-1  ex¬ 
pression  levels  in  high-grade  carcinomas  (HG)  than  in  ovarian  surface  epithe¬ 
lial  cells  (OSE),  low-grade  carcinomas  (LG),  and  cystadenomas.  Moreover, 
recurrent  carcinomas  have  significantly  higher  expression  levels  than  primary 
tumors  (P  =  0.01 2).  The  data  are  expressed  as  fold  increase  as  compared  with 
the  average  of  OSE.  (B)  Immunohistochemistry  demonstrates  intense  immu- 
noreactivity  in  recurrent  tumors  as  compared  with  patients'  primary  tumors  in 
three  representative  cases. 

patients  (P  =  0.017,  test)  (Fig.  3B).  Based  on  these  findings,  we 
further  analyzed  to  see  whether  NAC-1  expression  in  primary 
tumors  was  predicative  of  disease-free  interval  (the  period  between 
primary  surgery  and  tumor  recurrence)  in  57  patients  with  ad¬ 
vanced-stage  high-grade  serous  carcinomas  who  underwent  opti¬ 
mal  primary  debulking  surgery,  followed  by  a  standard  chemother¬ 
apeutic  regimen  in  the  same  institution  (JHMI).  We  found  that  high 
NAC-1  immunointensity  (2-1-  and  3-I-)  predicted  recurrence  within 
1  year  after  diagnosis  with  an  odds  ratio  of  14.9  (95%  Cl,  3.00-74.2; 
P  =  0.0002,  Fisher’s  exact  test).  The  median  disease-free  interval 
with  NAC-1  immunointensity  of  £2  was  12  months,  whereas  when 
the  intensity  was  <2,  the  interval  was  18  months. 

The  positive  correlation  of  NAC-1  expression  and  recurrent 
disease  suggests  that  NAC-1  plays  a  role  in  the  development  of 
recurrent  ovarian  tumors.  To  test  whether  NAC-1  expression 
directly  contributes  to  drug  resistance,  we  correlated  NAC-1  im- 
munoreactivity  and  in  vitro  drug  resistance  in  60  high-grade  serous 
carcinomas.  The  in  vitro  drug-resistance  results  were  performed  at 
Oncotech  (Tustin,  CA)  by  using  the  protocol  described  at  www. 
oncotech.com/pdfs/edr_4_pager.pdf  (11,  12).  Cases  were  grouped 
according  to  different  immunointensity  scores,  but  there  was  no 
significant  correlation  {P  >  0.17,  test)  between  NAC-1  expres¬ 


sion  and  in  vitro  resistance  to  carboplatin,  cisplatin,  and  taxol,  the 
standard  chemotherapeutic  agents  for  ovarian  cancer. 

Dominant  Negative  Role  of  NAC-1  BTB/POZ  Domain.  Because  the 
BTB/POZ  domain  has  been  known  to  be  involved  in  protein 
homomerization  or  heteromerization,  we  tested  whether  the 
NAC-1  BTB/POZ  domain  participated  in  protein-protein  interac¬ 
tion  using  deletion  mutants  of  NAC-1  (Fig.  4A).  Based  on  coim- 
munoprecipitation  and  immunofluorescence  colocalization  studies 
(Fig.  4  B  and  C),  we  found  that  the  BTB/POZ  domain  of  NAC-1, 
corresponding  to  the  1-129  aa  at  the  N  terminus  (N130  construct), 
was  the  minimal  structural  motif  required  for  NAC-1  homooli¬ 
gomerization  (Fig.  4B).  The  NAC-1  deletion  mutants/Xpress  tags 
were  then  transfected  into  RK3E  cells  that  had  been  stably  trans¬ 
fected  with  a  full-length  NAC-1/V5  tag  expression  vector.  As  shown 
in  Fig.  4C,  full-length  NAC-1/V5  colocalized  with  the  full-length 
NAC-l/Xpress  in  the  NAC-1  bodies,  indicating  that  NAC-1  inter¬ 
acted  with  NAC-1.  As  expected,  both  N130  and  N250  deletion 
mutants  containing  the  BTB/POZ  domain  also  colocalized  with 
full-length  NAC-1,  but  interestingly,  both  mutants  disrupted  the 
formation  of  NAC-1  bodies  by  transforming  them  into  “cotton 
candy”-like  aggregates  or  large  “noodle”-like  structures  in  the 
nuclei  (Fig.  4C).  In  contrast,  C250  and  M120  deletion  mutants  that 
did  not  contain  the  BTB/POZ  domain  failed  to  colocalize  with 
wild-type  NAC-1. 

Suppression  of  Tumor  Formation  upon  Induction  of  NAC-1  N130 
Mutant.  To  test  whether  the  BTB/POZ  domain  is  involved  in 
tumor  growth,  we  established  an  inducible  (Tet-Off)  system  by 
expressing  the  N130  construct  upon  removal  of  doxycycline  in 
two  AzlC-l-positive  tumor  cell  lines,  SKOV3,  an  ovarian  cancer 
cell  line,  and  FleLa,  a  cervical  adenocarcinoma  cell  line.  Cervical 
adenocarcinomas,  like  ovarian  serous  carcinomas,  frequently 
overexpressed  NAC-1,  because  a  high  level  of  NAC-1  immuno- 
reactivity  (2-1-  and  3-I-)  occurred  in  ^50%  (16  of  32)  cervical 
adenocarcinomas,  whereas  the  NAC-1  immunoreactivity  in  nor¬ 
mal  endocervical  glands  were  undetectable  (Fig.  7,  which  is 
published  as  supporting  information  on  the  PNAS  web  site). 

For  both  SKOV3-N130  and  HeLa-N130  cell  lines,  the  efficiency 
of  N130  induction  was  very  high  as  evidenced  by  >99%  of  cells 
expressing  green  fluorescence  based  on  flow  cytometry  (data  not 
shown)  and  increased  copy  number  of  N-terminal  mRNA  sequence 
as  compared  with  C-terminal  sequence  based  on  quantitative 
real-time  PCR  (Fig.  8  A  and  B,  which  is  published  as  supporting 
information  on  the  PNAS  web  site)  after  removal  of  doxycycline. 
Like  RK3E  cells  expressing  the  N130  mutant  (Fig.  4C),  NAC-1 
nuclear  bodies  were  transformed  to  cotton  candy-like  aggregates  in 
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Fig.  4.  Coimmunoprecipitation  and  colocalization  of 
NAC-1  deletion  mutants  and  full-length  NAC-1.  (A)  Dia¬ 
gram  of  NAC-1  and  NAC-1  deletion  mutants.  Full-length 
(FL)  construct  contains  V5  tag  at  the  C  terminus,  whereas 
all  of  the  deletion  mutants  contain  an  Xpress  (Xp)  tag  at 
the  N  terminus.  The  yellow  box  is  the  BTB/POZ  domain; 
the  blue  box  is  the  DUF1 172  domain.  (8)  Coimmunopre¬ 
cipitation  shows  that  full-length  NAC-1,  N130,  and  N250 
bind  to  NAC-1.  The  predicted  molecular  masses,  not  in¬ 
cluding  the  tag  sequences,  are:  full-length  NAC-1  (57.3 
kDa),  N130  (14.4  kDa),  N250  (27.8  kDa),  C250  (30.3  kDa), 
and  Ml  20  (14  kDa).  (O  Cells  with  stable  full-length  NAC- 
1/V5  expression  were  transfected  with  different  deletion 
mutants  with  the  Xp  tag.  Double  immunofluorescence 
shows  that  full-length  NAC-1 ,  N 1 30,  and  N250  deletion 
mutants  colocalize  with  full-length  NAC-1.  However, 
only  full-length  NAC-1  proteins  form  discrete  round  and 
oval-shaped  NAC-1  nuclear  bodies , whereas  both  N130 
and  N250  form  irregular  aggregates  with  the  full-length 
NAC-1.  Neither  C250  nor  Ml  20  colocalizes  with  the  full- 
length  NAC-1  protein. 
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Fig.  5.  Effects  of  N130  induction  on  cellular  proliferation  and  apoptosis  in 
96-well  plates.  {A  and  B)  Cell  growth  curves  show  that  after  induction  of  N 130 
(-Dox),  cell  growth  is  significantly  suppressed  as  compared  with  the  nonin- 
duced  cells  (-I-Dox).  In  contrast,  induction  of  C250  does  not  have  an  apparent 
effect  on  cell  growth  in  SKOV3  (A)  or  HeLa  (6)  cells.  (Q  Cell  cycle  analysis  shows 
an  increase  in  G2/M  fraction  in  N130-induced  HeLa  cells  (Lower)  as  compared 
with  noninduced  cells  (Upper)  24  h  after  induction,  indicating  a  G2/M  block. 
(D)  Percentages  of  apoptotic  and  proliferating  cells  are  determined  by  count¬ 
ing  annexin  V-and  BrdU-positive  cells,  respectively,  in  both  N130-induced  and 
-noninduced  cells.  Data  are  presented  as  mean  -i-  SD.  *,  P<  0.05;  **,  P<  0.001, 
***,  P<  0.0001,  Student's  ttest. 


both  SKOV3  and  HeLa  cells  after  induction  of  N130  (Fig.  8C).  As 
compared  with  the  control  (induction  of  C250),  induction  of  N130 
expression  significantly  reduced  cell  proliferation  in  both  SKOV3 
cells  (Fig.  5/4)  and  HeLa  cells  (Fig.  5B).  Induction  of  the  control 
C250  mutant  did  not  have  significant  effects  on  cellular  prolifera¬ 
tion  in  either  of  the  cell  lines.  Similarly,  expression  of  N130 
significantly  suppressed  colony  formation  in  both  cell  lines  (Fig.  9, 
which  is  published  as  supporting  information  on  the  PNAS  web 
site).  The  decrease  in  cellular  growth  after  N130  induction  was 
associated  with  cell  cycle  arrest  at  G2/M  phase  (percentage  of  cells 
in  Go/Gi-to-S-to-G2/M  =  50.3%-to-16.5%-to33.2%  in  noninduced 
cells  vs.  20.1%-to-17.4%-to-62.5%  in  induced  cells)  (Fig.  5C).  N130 
induction  significantly  increased  the  number  of  annexin  V-labeled 
cells  and  also  decreased  the  number  of  BrdU-labeled  cells  (except 
on  day  3),  although  the  level  in  the  decrease  of  cells  with  BrdU 
uptake  is  not  as  dramatic  as  the  increase  of  annexin  V-labeled  cells 
(Fig.  5D).  To  further  evaluate  the  effect  of  N130  on  cellular 
proliferation  and  apoptosis,  we  used  the  miniN130  mutants,  N65 
and  N30-122,  in  which  its  BTB/POZ  oligomerization  activity  was 
deficient.  Both  N65  and  N30-122  showed  protein  expression  but 
were  not  able  to  coimmunoprecipitate  with  the  full-length  NAC-1 
protein  (Fig.  lOA,  which  is  published  as  supporting  information  on 
the  PNAS  web  site).  When  transfecting  these  two  constructs  into 
the  NAC-1  overexpressing  SKOV3  cells,  both  N65  and  N30-122 
could  not  effectively  suppress  cellular  proliferation  as  compared 
with  N130  (Fig.  lOB).  In  addition,  we  also  knocked  down  NAC-1 
using  RNAi  to  determine  whether  there  was  a  similar  inhibitory 
effect  to  the  expression  of  the  N130  dominant-negative  construct. 
In  fact,  NAC-l-expressing  SKOV3  and  HeLa  cells  had  significantly 
reduced  cell  numbers  after  NAC-1  siRNA  treatment  (Fig.  11 A  and 
B,  which  is  published  as  supporting  information  on  the  PNAS  web 
site).  In  contrast,  NAC-1  siRNA  did  not  show  a  significant  effect  on 


the  cell  growth  of  OVCAR3  cells  that  did  not  express  abundant 
NAC-1  (Fig.  IIB).  Furthermore,  we  found  that  the  apoptosis- 
inducing  effect  of  the  siRNAs  used  here  was  potent,  but  was  less 
pronounced  than  the  N130  dominant-negative  NAC-1  (Fig.  IIC), 
indicating  that  the  latter  approach  could  be  a  more  effective 
experimental  system  to  inactivate  NAC-1  function.  As  a  control,  we 
expressed  N130  in  OVCAR3,  which  expressed  only  a  minimal 
amount  of  NAC-1  protein  compared  with  HeLa  and  SKOV3  cells, 
and  found  that  N130  expression  did  not  have  a  significant  effect  on 
the  growth  of  OVCAR3  cells  (Fig.  IID). 

Based  on  the  above  findings,  we  investigated  whether  disrupting 
interactions  between  NAC-1  molecules  using  the  N130  dominant¬ 
negative  approach  had  a  growth-inhibitory  effect  in  HeLa  (Fig.  12, 
which  is  published  as  supporting  information  on  the  PNAS  web  site) 
and  SKOV3  (Fig.  13,  which  is  published  as  supporting  information 
on  the  PNAS  web  site)  xenografts  in  nude  mice.  First,  we  tested 
whether  expression  of  N130  could  prevent  tumorigenesis  by  induc¬ 
ing  N130  expression  2  days  after  s.c.  tumor  injection.  As  shown  in 
Figs.  12A  and  13A,  induction  of  N130  expression  in  HeLa  and 
SKOV3  cells  almost  completely  prevented  the  formation  of  s.c. 
tumors.  In  contrast,  the  control  cells  grew  tumors  at  all  injection 
sites.  Second,  we  determined  whether  N130  could  limit  tumor 
growth  in  established  HeLa  and  SKOV3  tumors.  The  expression  of 
N130  was  induced  by  removing  doxycycline,  when  all  of  the  mice 
harbor  palpable  tumors.  Five  days  after  discontinuation  of  doxy¬ 
cycline,  induction  of  N130  expression  was  evidenced  by  green 
fluorescence  in  the  s.c.  HeLa  tumors  because  expression  of  both 
N130  and  EGFP  was  driven  by  a  bicistronic  promoter  (Fig.  12B). 
As  shown  in  Figs.  12C  and  13B,  tumors  continued  growing  in 
control  mice,  whereas  the  tumors  stopped  growing  or  decreased  in 
size  after  N130  induction.  Histological  examination  of  the  tumors 
excised  10  days  after  N130  induction  revealed  extensive  apoptosis 
in  tumor  cells,  based  on  morphology  and  immunoreactivity  with  the 
M30  antibody,  which  recognizes  the  apoptosis-specific  caspase- 
cleaved  cytokeratin  epitope  (13,  14)  (Fig.  12D). 

The  Oncogenic  Potential  of  NAC-1  Expression.  To  test  whether  NAC-1 
expression  is  tumorigenic,  we  randomly  selected  two  clones  from  a 
spontaneously  immortalized  MOSE  cell  line  and  two  NIH  3T3 
clones  that  were  stably  transfected  with  an  NAC-1  expression  vector 
(Fig.  6).  When  compared  with  vector-transfected  controls,  all 
NAC-l-expressing  clones  had  a  higher  cellular  proliferation,  based 
on  growth  curves  and  BrdU-uptake  assays  (Fig.  6  A,  D,  and  F).  S.c. 
injections  of  NAC-l-expressing  MOSE  clones  in  athymic  nu/nu 
mice  produced  larger  tumors  than  the  control  cells  transfected  with 
the  vector-only  (Fig.  6  B  and  C).  MOSE  clones  did  not  grow  i.p. 
tumors  21  days  after  i.p.  injection.  The  NAC-l-expressing  NIH  3T3 
clones  produce  both  s.c.  and  i.p.  tumors  in  the  athymic  nu/nu  mice. 
The  i.p.  tumors  were  always  multiple,  and  their  combined  weights 
were  measured  in  each  mouse  (Fig.  6E).  In  contrast,  the  vector- 
transfected  NIH  3T3  cells  did  not  grow  tumors  during  the  course 
of  this  study. 

Discussion 

NAC-1  was  first  identified  and  cloned  as  a  transcript  induced  in  the 
nucleus  accumbens  from  rats  treated  with  cocaine  (15).  The  nucleus 
accumbens  is  a  unique  forebrain  structure  involved  in  reward 
motivation  (16)  and  many  addictive  behaviors  (17-19).  Except  for 
its  role  in  cocaine-induced  expression  in  animal  brains,  the  cellular 
function  of  NAC-1  is  unknown.  In  this  study,  we  demonstrate  that 
NAC-1  is  a  previously  uncharacterized  cancer-associated  gene, 
because  the  NAC-1  expression  level  is  significantly  increased  in 
several  types  of  cancers  including  ovarian  cancer,  cervical  adeno¬ 
carcinoma,  and  breast  cancer.  We  showed  that  NAC-1  was  required 
for  cell  proliferation  and  survival  and  was  sufficient  to  enhance 
tumorigenicity  in  athymic  nu/nu  mice. 

Cancer  mortality  and  morbidity  are  related  to  recurrent  and 
metastatic  disease.  Therefore,  a  positive  correlation  between 
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Fig.  6.  Effects  of  constitutive  expression  of  NAC-1  in  immortalized  ovarian  surface  epithelial  cells  (MOSE)  and  NIH  3T3  cells.  Western  blot  analysis  shows  NAC-1 
expression  in  stable  clones  of  NAC-1 -expressing  MOSE  cells  (A)  and  NIH  3T3  cells  (D).  Upper  blots,  NAC-1;  lower  blots,  GAPDH.  Growth  curves  show  a  higher 
proliferation  activity  in  both  NAC-1  clones  as  compared  with  vector-transfected  control  under  a  low  serum  (0.5%)  culture  condition  in  MOSE  cells  (A)  and  NIH 
3T3  cells  (D).  The  weights  of  s.c.  tumors  increase  in  NAC-1-expressing  MOSE  tumors  as  compared  with  control  MOSE  in  nude  mice  (B).  A  representative 
photomicrograph  shows  a  s.c.  NAC-1 -expressing  MOSE  tumor  (O.  Similarly,  the  combined  tumor  weights  of  tumors  in  the  peritoneal  wall  of  the  NAC-1 -expressing 
NIH  3T3  cells  are  greater  than  the  controls  (£).  (F)  Cell  proliferation  was  determined  by  a  BrdU-incorporation  assay,  and  all  NAC-1 -expressing  clones  have  a  higher 
proliferation  rate  than  the  vector-only  control.  Data  are  presented  as  mean  +  SD. 


NAC-1  expression  and  recurrence  status  in  ovarian  carcinoma  as 
shown  in  this  study  has  significant  biological  and  clinical  implica¬ 
tions.  First,  NAC-1  expression  may  directly  contribute  to  tumor 
recurrence  and  tumor  progression.  However,  a  lack  of  correlation 
between  NAC-1  expression  and  in  vitro  drug  resistance  to  taxol, 
carboplatin,  and  cisplatin,  the  primary  chemotherapeutic  agents 
used  in  the  treatment  of  ovarian  cancer  patients,  suggests  that 
NAC-1  may  not  directly  participate  in  the  development  of  drug 
resistance.  Because  the  etiology  of  tumor  recurrence  is  multifac¬ 
torial,  it  is  likely  that  NAC-1  overexpression  confers  a  growth 
advantage  to  tumor  cells  by  providing  them  with  higher  prolifera¬ 
tive  and  lower  apoptotic  activity  as  shown  in  this  study.  Second,  we 
demonstrated  that  intense  NAC-1  immunoreactivity  in  primary 
tumors  is  highly  predictive  of  a  shorter  disease-free  interval; 
therefore,  NAC-1  expression  may  potentially  be  used  alone  or  in 
combination  with  other  markers  as  a  prognostic  test  to  identify 
ovarian  cancer  patients  who  are  likely  to  develop  early  recurrence. 
This  finding  can  have  potential  clinical  implications  because  at  least 
60%  of  advanced-stage  ovarian  cancer  patients  who  appear  to  be 
disease-free  after  completing  primary  therapy  ultimately  develop 
recurrent  disease  (20).  Thus,  patients  with  NAC-l-positive  ovarian 
serous  carcinoma  can  be  monitored  more  closely  to  detect  recurrent 
tumor.  It  has  been  demonstrated  that  ovarian  carcinoma  patients 
can  most  benefit  from  secondary  cytoreduction  when  the  recurrent 
tumor  is  small  and  localized  (20-24). 

Similar  to  other  BTB/POZ  members,  the  NAC-1  BTB/POZ 
domain  is  essential  and  sufficient  for  NAC-1  homomerization. 
Based  on  immunoprecipitation  using  the  NAC-1  antibody  and 
tumor  lysates  from  ovarian  cancer  tissues  that  expressed  NAC-1,  we 
did  not  detect  other  proteins  that  were  pulled  down  with  NAC-1, 
suggesting  that  NAC-1  molecules  may  homooligomerize  to  each 
other.  The  dominant-negative  strategy  using  the  N130  deletion 
mutant  suggests  that  homooligomerization  of  NAC-1  is  required  for 
formation  of  NAC-1  nuclear  bodies.  Although  both  A730  and  N250 
deletion  mutants  can  be  coimmunoprecipitated  and  colocalized 
with  wild-type  (full-length)  NAC-1  molecules,  they  transformed  the 
morphology  of  NAC-1  bodies,  suggesting  that  both  the  BTB/POZ 


domain  and  the  C-terminal  motif  of  the  NAC-1  molecule  are 
critical  for  NAC-1  body  formation.  This  finding  is  consistent  with 
what  has  been  observed  in  LAZ3/BCL6  proteins  in  which  the  BCL6 
BTB/POZ  domain  has  the  capability  to  self-interact  and  target  the 
protein  to  form  discrete  nuclear  substructures  (25).  Furthermore, 
expression  of  the  N130  mutant  but  not  miniN130  mutants  that 
failed  to  bind  to  NAC-1  suppressed  cellular  proliferation  and 
induced  apoptosis,  suggesting  that  interaction  among  NAC-1  mol¬ 
ecules  or  between  NAC-1  and  other  partner  protein(s)  through 
their  BTB/POZ  domains  is  essential  for  NAC-1 -regulated  tumor 
cell  growth  and  survival.  This  result  is  similar  to  BCL-6  in  which  the 
peptide  inhibitors  that  block  interaction  between  the  BCL-6  BTB/ 
POZ  domain  and  corepressors  abrogate  BCL-6  oncogenic  func¬ 
tions  in  B  cells  and  suggests  that  targeting  the  BTB/POZ  domain  of 
a  specific  BTB/POZ  member  may  provide  an  approach  for  cancer 
therapy  (5).  Besides  its  critical  role  in  maintaining  cell  proliferation 
and  survival,  NAC-1  expression  could  also  enhance  cellular  pro¬ 
liferation  and  induce  tumorigenicity  in  athymic  nu/nu  mice.  These 
findings  suggest  that  NAC-1  is  a  gene  with  oncogenic  potential  in 
ovarian  carcinomas. 

In  conclusion,  this  study  shows  that  expression  of  NAC-1,  a 
member  of  BTB/POZ  family,  is  associated  with  the  development  of 
recurrent  ovarian  serous  carcinoma.  Homo-oligomerization  of 
NAC-1  proteins  through  the  BTB/POZ  domains  is  essential  for  cell 
survival  in  carcinomas  that  express  NAC-1.  Targeting  the  BTB/ 
POZ  domain  of  NAC-1  could  be  a  molecular  strategy  for  drug 
intervention  in  ovarian  cancer  and  other  types  of  cancer  with 
NAC-1  overexpression. 

Materials  and  Methods 

For  detailed  procedures  of  quantitative  PCR,  siRNA  knockdown, 
and  tumor  xenograft  assay,  please  see  Supporting  Material  and 
Methods,  which  is  published  as  supporting  information  on  the 
PNAS  web  site. 

Tag  Counts  of  the  BTB/POZ  Family  Genes  from  SAGE  Libraries.  Proteins 
matching  the  PS50097  profile  of  the  BTB/POZ  domain  amino  acid 
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sequence  were  extracted  from  the  Swiss-Prot/TrEMBL  protein 
databank  released  on  January  16,  2006  (http://us.expasy.org/cgi- 
bin/get-entries?DR=PS50097&db=tr&db=sp&view=tree).  A  to¬ 
tal  of  130  BTB/POZ  genes  were  identified.  The  expression  levels  of 
the  BTB/POZ  gene  family  members  were  determined  from  the 
ovarian  tumor  SAGE  libraries  by  obtaining  the  SAGE  tag  counts 
for  each  BTB/POZ  gene.  The  libraries  included  the  OSE  cells 
(SV-40  immortalized  IOSE29  (26)  and  short-term  cultured 
HOSE4),  benign  cystadenoma  (MLIO),  ovarian  high-grade  serous 
carcinoma  tissues  (HG63,  HG48,  HG92,  OVT6,  OVT7,  and 
OVT8),  and  ovarian  cancer  cell  lines  (OVCAR3  and  A2780).  All 
libraries  have  been  published  (27),  except  HG63,  HG48  and  HG92 
which  were  established  in  this  study.  The  NAC-l-specific  SAGE 
tags  included  TTCCCGGCCC,  TGAAGGCAGT,  CCTATA- 
ATCG,  AGTGCCAGGG,  AGAATATCAG,  GAGGGAGGGA, 
and  GTTCCCCCAC.  By  using  a  minimum  tag  count  setting  of  >1, 
these  NAC-1  tags  were  tallied  and  normalized  per  100,000  total  tags 
for  each  SAGE  library.  To  select  the  candidate  gene(s)  for  further 
study,  we  first  select  those  with  a  high  average  tag  count  (>10  tags 
per  100,000  tags)  in  ovarian  carcinoma  libraries,  followed  by  the 
highest  ratio  of  average  tag  counts  in  ovarian  carcinoma  to  the 
benign  controls  (IOSE29,  HOSE4,  and  MLIO). 

To  determine  the  NAC-1  expression  levels  among  different 
cancer  libraries,  we  compared  NAC-1  tag  counts  among  81  SAGE 
libraries  (http;//cgap.nci.nih.gov/SAGE)  (28,  29)  from  carcinomas 
and  normal  tissues  of  ovary,  pancreas,  liver,  colon,  kidney,  prostate, 
and  breast  (30).  NAC-1  tag  counts  for  each  library  were  retrieved 
by  filtering  for  tag  sequences  that  matched  uniquely  to  NAC-1 
according  to  the  April  15,  2005  SAGEMap  available  on  the  public 
National  Center  for  Biotechnology  Information  FTP  site  (ftp:// 
ftp.ncbi.nlm.nih.gov/pub/sage/map/Hs/NlaIII). 

Immunohistochemistry  and  Immunoelectron  Microscopy.  Paraffin- 
embedded  tumor  tissues  were  obtained  from  the  Department  of 
Pathology  at  the  Johns  Hopkins  Hospital  and  effusion  ovarian 
cancer  samples  were  obtained  from  the  Norwegian  Radium  Na¬ 
tional  Hospital  in  Norway.  These  included  182  high-grade  ovarian 
serous  carcinoma  tissues  (154  stage  III  and  28  stage  IV),  44 
low-grade  ovarian  serous  carcinoma  tissues  (42  stage  III  and  2  stage 
IV),  172  high-grade  ovarian  carcinoma  effusion  samples  (1  stage  I, 
6  stage  II,  97  stage  III,  and  68  stage  IV),  and  32  cervical  adeno¬ 
carcinomas.  In  addition,  21  benign  ovarian  cystadenomas,  18 
normal  ovaries,  and  8  normal  cervical  tissues  were  included  for 
comparison.  Acquisition  of  tissue  specimens  and  clinical  informa¬ 
tion  was  approved  by  an  institutional  review  board  (Johns  Hopkins 
Medical  Institutions)  or  by  the  Regional  Ethics  Committee  (Nor¬ 
wegian  Radium  Hospital). 

1.  Stogios  PJ,  Downs  GS,  Jauhal  JJ,  Nandra  SK,  Prive  GG  (2005)  Genome  Biol  6:R82.1-R82.17. 

2.  Bardwell  VJ,  Treisman  R  (1994)  Genes  Dei’  8:1664-1677. 

3.  Albagli  O,  Dhordain  P,  Deweindt  C,  Lecocq  G,  Leprince  D  (1995)  Cell  Growth  Differ 
6:1193-1198. 

4.  Chen  Z,  Brand  NJ,  Chen  A,  Chen  SJ,  Tong  JH,  Wang  ZY,  Waxman  S,  Zelent  A  (1993) 

12:1161-1167. 

5.  Polo  JM,  DeirOso  T,  Ranuncolo  SM,  Cerchietti  L,  Beck  D,  Da  Silva  GF,  Prive  GG,  Licht 
JD,  Melnick  A  (2004)  Nat  Med  10:1329-1335. 

6.  Yeyati  PL,  Shaknovich  R,  Boterashvili  S,  Li  J,  Ball  HJ,  Waxman  S,  Nason-Burchenal  K, 
Dmitrovsky  E,  Zelent  A,  Licht  JD  (1999)  Oncogene  18:925-934. 

7.  Maeda  T,  Hobbs  RM,  Merghoub  T,  Guemah  I,  Zelent  A,  Cordon-Cardo  C,  Teruya- 
Feldstein  J,  Pandolfi  PP  (2005)  Nature  433:278-285. 

8.  Maeda  T,  Hobbs  RM,  Pandolfi  PP  (2005)  Cancer  Res  65:8575-8578. 

9.  van  Roy  FM,  McCrea  PD  (2005)  Nat  Rev  Cancer  5:956-964. 

10.  Park  JI,  Kim  SW,  Lyons  JP,  Ji  H,  Nguyen  TT,  Cho  K,  Barton  MC,  Deroo  T,  Vleminckx  K, 
Moon  RT,  McCrea  PD  (2005)  Dev  Cell  8:843-854. 

11.  Fruehauf  JP,  Alberts  DS  (2003)  Recent  Results  Cancer  Res  161:126-145. 

12.  Eltabbakh  GH,  Piver  MS,  Hempling  RE,  Recio  FO,  Lele  SB,  Marchetti  DL,  Baker  TR, 
Blumenson  LE  (1998)  Gynecol  Oncol  70:392-397. 

13.  Leers  M,  Kolgen  W,  Bjorklund  V,  Bergman  T,  Tribbick  G,  Persson  B,  Bjorklund  P, 
Ramaekers  FC,  Bjorklund  B,  Schutte  B  {m9)  J  Pathol  5:567-572. 

14.  Caulin  C,  Salvesen  GS,  Oshima  RG  (1997)  J  Cell  Biol  138:1379-1394. 

15.  Cha  XY,  Pierce  RC,  Kalivas  PW,  Mackler  SA  {1991)  J  Neurosci  17:6864-6871. 

16.  Roitman  MF,  Wheeler  RA,  Carelli  RM  (2005)  Neuron  45:587-597. 

17.  Koob  GF  (1996)  Neuron  16:893-896. 

18.  Mackler  SA,  Korutla  L,  Cha  XY,  Koebbe  MJ,  Fournier  KM,  Bowers  MS,  Kalivas  PW  (2000) 
J  Neurosci  20:6210-6217. 


For  immunohistochemistry  studies,  we  generated  a  mouse 
NAC-1  monoclonal  antibody  by  immunizing  mice  with  the  NAC-1 
recombinant  protein  using  a  standard  hybridoma  protocol  (31). 
Immunohistochemistry  was  performed  on  deparaffinized  sections 
by  using  the  NAC-1  antibody  at  a  dilution  of  1:100  and  an 
Envision -I- System  peroxidase  kit  (DAKO,  Carpinteria,  CA).  Im- 
munoreactivity  was  scored  by  two  investigators  as  follows:  0, 
undetectable;  1-I-,  weakly  positive;  2+,  moderately  positive;  and 
3-I-,  intensely  positive.  NAC-1  immunoreactivity  was  not  detectable 
(immunointensity  score  =  0)  or  weak  (1+)  in  normal  OSE  and 
benign  serous  cystadenomas.  For  ultrastructure  study  of  NAC-1 
bodies,  we  applied  ImmunoGold  labeling  on  NAC-l-expressing- 
RK3E  cells,  followed  by  electron  microscopy. 

Coimmunoprecipitation  and  Double  Immunofluorescence  Staining.  A 

series  of  AMC-7-deletion  mutants  including  N130  (encoding  the 
amino  acids  1-129  at  the  N  terminus),  N250  (amino  acids  1-263  at 
the  N  terminus),  M120  (amino  acids  123-263  in  the  middle 
portion),  and  C250  (amino  acids  257-528  at  the  C  terminus)  were 
generated  by  PCR.  Both  N130  and  N250  mutants  contained  the 
BTB/POZ  domain  (amino  acids  20-122)  of  NAC-1.  In  addition, 
two  miniN130  expression  constructs  were  generated,  and  they 
included  N65  (encoding  the  first  1-65  aa  of  the  BTB  domain)  and 
N30-122  (30-122  aa).  PCR  products  of  the  AMC-7-deletion  mu¬ 
tants  were  cloned  into  an  expression  vector,  pCDNA4  with  an 
Xpress  tag  at  the  N  terminus.  RK3E  cells  were  first  stably  trans¬ 
fected  with  pCDNA6/V5/NAC-l  and  then  transiently  transfected 
with  the  pCDNA4/NAC-l -deletion  mutants.  Coimmunoprecipita¬ 
tion  was  performed  to  assess  the  specific  structural  motifs  that 
bound  to  full-length  NAC-1.  For  immunofluorescence  staining, 
cells  were  incubated  with  primary  antibodies,  followed  by  fluores¬ 
cence-labeled  secondary  antibodies. 

N130-lnducible  Construct,  Cell  Proliferation,  and  Apoptosis  Assays. 

The  Tet-Off  inducible  system  was  used  to  assess  the  biological 
effects  of  N130.  HeLa  and  SKOV3  cells  that  constitutively  ex¬ 
pressed  tTA  (tetracycline-controlled  transactivator)  were  trans¬ 
fected  with  pBI-N130/EGFP  or  pBI-C250/V5-EGFP  (control)  that 
bicistronically  expressed  the  products  of  interest  and  reporter 
EGFP  upon  the  binding  of  tTA  to  the  tetracycline-responsive 
element  in  the  absence  of  inducer  (doxycycline).  Cell  proliferation 
and  apoptosis  assays  were  performed  as  described  (32)  in  96-well 
plates. 
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Diffuse  Mesothelin  Expression  Correlates  with  Prolonged  Patient 
Survival  in  Ovarian  Serous  Carcinoma 

M.  Jim  Yen,^  Chih-Yi  Hsu,^  Tsui-Lien  Mao,^T-C.  Wu,^  Richard  Roden,^ 

Tian-Li  Wang/  and  le-Ming  Shih^ 


Abstract  Purpose:  Mesothelin  is  an  emerging  marker  for  cancer  diagnosis  and  target-based  therapy,  yet 
relatively  little  is  known  about  the  clinical  significance  of  mesothelin  expression  in  tumors.  In 
this  study,  we  correlate  mesothelin  immunoreactivity  to  clinicopathologic  features  in  ovarian 
serous  carcinoma. 

Experimental  Design:  Mesothelin  expression  levels  were  compared  among  81  publicly 
available  serial  analysis  of  gene  expression  (SAGE)  libraries  of  various  carcinoma  and  normal 
tissue  types.  Immunohistochemistry  using  a  well-characterized  mesothelin  monoclonal 
antibody  (5B2)  was  done  to  evaluate  mesothelin  expression  in  167  high-grade  and  31 
low-grade  ovarian  serous  carcinomas.  Immunohistochemistry  staining  scores  were  correlated 
with  patient  survival,  tumor  site,  tumor  grade,  in  vitro  drug  resistance,  and  differentiation  status 
of  tumor  cells. 

Results:  SAGE  analysis  showed  that  mesothelin  was  overexpressed  in  50%  of  ovarian  and 
pancreatic  carcinomas  but  rarely  in  other  cancer  types,  including  liver,  colon,  kidney,  prostate, 
and  breast.  Mesothelin  immunoreactivity  (>5%  of  tumor  cells)  was  present  in  55%  of  ovarian 
serous  carcinomas  with  no  difference  in  expression  between  high-grade  and  low-grade  serous 
tumors  {P  =  0.82).  Based  on  Kaplan-Meier  analysis,  we  found  that  a  diffuse  mesothelin 
staining  (>50%  of  tumor  cells)  in  primary  high-grade  ovarian  carcinomas  correlated  significant¬ 
ly  with  prolonged  survival  in  patients  who  had  advanced-stage  disease  and  had  received  op¬ 
timal  debulking  surgery  followed  by  chemotherapy  (P  =  0.023).  Mesothelin  expression  did  not 
correlate  significantly  with  patient  age,  tumor  site,  in  vitro  drug  resistance,  or  tumor 
differentiation  status  (P  >  0.10). 

Conclusion:  Our  results  provided  new  evidence  that  mesothelin  expression  is  associated  with 
prolonged  survival  in  patients  with  high-grade  ovarian  serous  carcinoma. 


Mesothelin  is  a  glycoprotein  that  has  been  reported  as  a 
tumor-associated  marker  in  several  types  of  human  cancer, 
including  nonmucinous  ovarian  carcinomas  and  adenocarci¬ 
nomas  arising  from  the  pancreaticobiliary  tract,  endometrium, 
and  lung  (1).  Mesothelin  was  highly  expressed  in  these  tumors 
but  not  in  a  wide  variety  of  normal  tissues.  The  mesothelin  gene 
was  first  cloned  by  Chang  and  Pastan  (2),  and  it  encodes  a 
precursor  protein  that  is  processed  to  yield  the  40-kDa 
mesothelin  protein  and  a  31-kDa  soluble  fragment  named 
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megakaryoqrte-potentiating  factor.  Mesothelin  is  attached  to 
the  cell  membrane  by  a  glycosylphosphatidyl  inositol  linkage, 
and  it  has  recently  been  shown  to  bind  to  CA125  (or  MUC16), 
which  is  expressed  in  many  ovarian  serous  carcinomas.  The 
interaction  between  mesothelin  and  CA125  can  mediate 
heterotypic  cell  adhesion  as  anti-mesothelin  antibody  blocks 
binding  of  CA125-expressing  OVCAR3  cells  to  another  cell  line 
expressing  mesothelin  (3).  Although  the  biological  functions  of 
mesothelin  remain  largely  unknown  as  mesothelin  knockout 
mice  did  not  display  detectable  phenotypes  (4),  there  is 
evidence  that  mesothelin  may  have  potential  as  a  new  cancer 
diagnostic  marker  and  a  novel  molecular  target  for  gene  therapy 
(5).  For  example,  mesothelin  alone  or  in  combination  with 
other  gene  products  can  provide  a  valuable  marker  for  the 
differential  diagnoses  of  cancer  types  (1).  It  has  also  been 
shown  that  a  soluble  form  of  the  mesothelin  (megakaryocyte- 
potentiating  factor)  family  can  provide  useful  new  marker(s) 
for  the  diagnosis  of  ovarian  carcinoma  as  well  as  monitoring  its 
response  to  therapy  (6).  Mesothelin  has  been  used  to  mediate 
the  targeting  of  adenoviral  vectors  and  an  antibody-based  gene 
therapy  in  mesothelin-expressing  tumors  (7-9). 

Ovarian  carcinoma  is  the  leading  cause  of  cancer  mortality  in 
patients  who  suffer  from  gynecologic  neoplasms.  Among  the 
different  t5y)es  of  ovarian  cancer,  serous  carcinoma  is  the  most 
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common  and  lethal  type.  Although  mesothelin  has  been 
documented  as  a  tumor-associated  marker  in  ovarian  serous 
carcinoma,  a  larger-scale  analysis  focusing  on  the  correlation  of 
mesothelin  expression  and  clinicopathologic  variables  has 
never  been  done.  Such  a  correlation  study  is  important  as  it 
can  provide  a  prognostic  marker  for  predicting  clinical  outcome 
in  cancer  patients  and  shed  new  light  on  the  function  of 
mesothelin  in  ovarian  cancer.  The  purpose  of  this  study  is  to 
use  immunohistochemistry  to  assess  the  clinical  significance  of 
mesothelin  expression  in  a  large  series  of  serous  carcinomas 
that  are  well  annotated  with  clinicopathologic  information. 

Materials  and  Methods 

Mesothelin  expression  analysis  using  the  serial  analysis  of  gene 
expression  database.  Mesothelin  expression  levels  were  compared 
among  81  publicly  available  serial  analysis  of  gene  expression  (SAGE) 
libraries  (http://cgap.nci.nih.gov/SAGE;  refs.  10,  11)  for  carcinomas 
and  normal  tissues  of  ovary,  pancreas,  liver,  colon,  kidney,  prostate, 
and  breast.  The  selection  of  libraries  used  for  analysis  was  based  on 
their  availability  in  the  SAGE  database.  Mesothelin  tag  counts  for  each 
library  were  retrieved  by  filtering  for  tag  sequences  that  matched 
uniquely  to  mesothelin  according  to  the  April  15,  2005  SAGEMap 
available  on  the  public  National  Center  for  Biotechnology  Informa¬ 
tion  FTP  site  (ftp://ftp.ncbi.nlm.nih.gov/pub/sage/map/Hs/NlaIII/ 
SAGEmap_tag_ug-rel.zip).  Using  a  minimum  tag  count  setting  of  >1, 
these  mesothelin  tags  were  tallied  and  normalized  per  100,000  total 
tags  for  each  SAGE  library. 

Tissue  samples.  Formalin-fixed,  paraffin-embedded  tissue  samples  of 
198  ovarian  serous  tumors,  including  167  serous  high-grade  carcino¬ 
mas  and  31  low-grade  serous  carcinomas,  were  retrieved  from  the 
archival  file  of  the  Department  of  Pathology  at  the  Johns  Hopkins 
Hospital.  The  acquisition  of  paraffin  tissues  was  approved  by  the  Johns 
Hopkins  Institutional  Review  Board.  The  paraffin  tissues  were 
organized  into  tissue  microarrays,  which  were  made  by  removing  three 
1.5-mm-diameter  cores  of  tumor  from  each  block.  The  selection  of 
areas  for  core  was  made  by  two  pathologists  (C-Y.H.  and  I-M.S.)  based 
on  review  of  the  corresponding  H&E  slides.  To  evaluate  whether 
expression  of  mesothelin  was  a  prognostic  marker  in  patients  with 
ovarian  serous  carcinoma,  we  analyzed  105  advanced-stage,  high-grade 
serous  carcinomas,  of  which  92  were  International  Federation  of 
Gynecology  and  Obstetrics  stage  III  and  13  were  International 
Federation  of  Gynecology  and  Obstetrics  stage  IV.  High-grade  serous 
carcinomas  have  been  conventionally  classified  into  "moderately"  and 
"poorly"  differentiated  carcinomas  based  on  whether  they  are 
predominantly  papillary  or  solid,  respectively. 

Immunohistochemistry.  Expression  of  mesothelin  was  assessed  by 
immunohistochemistry  using  a  mouse  monoclonal  antibody  (5B2) 
that  specifically  reacts  with  the  mesothelin  (Promega,  Madison,  WI). 
This  antibody  has  been  well  characterized  and  been  used  in 
immunohistochemistry  to  assess  its  diagnostic  potential  (1,  12-14). 
Immunohistochemistry  was  done  on  paraffin  sections  at  a  dilution  of 
1:500  followed  by  the  EnVision+System  using  the  peroxidase  method 
(DAKO,  Garpinteria,  CA).  The  percentage  of  positive  cells  was 
estimated  by  randomly  counting  ~  500  tumor  cells  from  three 
different  high-power  fields  (x40)  within  one  specimen.  For  the 
negative  control,  an  isotype  (IgGl) -matched  antibody,  MN-4,  was 
used  in  parallel  (15).  A  positive  reaction  was  defined  as  discrete 
localization  of  the  brown  chromagen  on  the  cell  surface.  Because 
mesothelin  immunoreactivity,  if  present,  was  always  strong,  we  used 
the  percentage  score  in  this  study.  Cases  with  <5%  of  tumor  cells 
positively  reactive  were  scored  as  negligible.  We  used  the  following 
scoring  system  for  mesothelin  immunoreactivity:  0,  <5%;  1+,  5% 
to  50%;  2+,  51%  to  75%;  3+,  76%  to  95%;  4+,  >95%.  Scoring  was 
done  by  two  independent  investigators  who  concurred  on  the  results. 


A  third  pathologist  scored  the  cases  with  discrepant  scores,  and  the 
tumor  was  assigned  based  on  the  consensus  of  two. 

Reverse  transcriptase-PCR.  To  validate  the  immunohistochemistry 
results,  we  did  reverse  transcriptase-PCR  to  semiquantitatively  measure 
the  levels  of  mesothelin  transcript  copy  number  in  eight  representative 
cases  with  either  diffuse  or  undetectable  mesothelin  immunoreactivity. 
mRNA  was  isolated  from  frozen  tumor  tissues,  and  cDNA  was  prepared 
as  previously  described  (16).  The  sequences  of  forward  and  reverse 
primers  were  5'-TCAGTCAGCAGAATGTGAGCA-3'  and  5'-TCTAGGAC- 
CAGGTAGCCGTTG-3'  that  amplified  238  bp  of  mesothelin  coding 
sequence.  PGR  was  done  as  detailed  in  a  previous  report  (16),  and  the 
PGR  product  was  visualized  by  staining  with  ethidium  bromide  on 
1.5%  agarose  gels. 

In  vitro  drug  resistance  assay.  Drug  sensitivity  was  assessed  by  an 
agar-based  cell  culture  system  with  radioactive  thymidine  incorporation 
as  the  end  point  (Oncotech,  Tustin,  CA).  There  were  61  cases  for  which 
the  results  of  this  assay  were  available  to  analyze.  The  protocol  of  the 
assay  has  been  detailed  at  http://www.oncotech.com/innovation/ 
PublicationDetails.asp?id=28.  Briefly,  fresh  tumor  specimens  immedi¬ 
ately  removed  at  the  time  of  surgery  were  placed  into  the  RPMI  (Life 
Technologies,  Gaithersburg,  MD)  and  shipped  to  Oncotech  for  analysis. 
The  tumor  tissue  was  minced  and  enzymatically  digested  to  disaggre¬ 
gate  the  tumor  cell,  which  were  then  plated  in  soft  agar.  Tumor  cells 
were  then  exposed  to  antineoplastic  agents  at  a  concentration  of  a 
maximum  tolerated  dose  for  5  days  in  vitro.  Tritiated  thymidine  was 
introduced  during  the  last  2  days  of  culture  as  a  measure  of  cell 
proliferation,  and  the  dmg-treated  cells  were  compared  with  the 
untreated  control.  Assay  results  were  divided  into  three  categories: 
extreme,  intermediate,  and  low  dmg  resistance  using  the  criteria 
described  on  the  company's  web  site.  Extreme  resistance  was  interpreted 
as  drug  resistance,  whereas  intermediate  and  low  drug  resistance  was 
interpreted  as  drug  sensitive  in  this  study  as  in  previous  reports  (17,  18). 

Statistical  analysis  and  clinical  correlation.  The  preexisting  clinical 
information  including  clinical  stage,  treatment  history,  surgical  findings 
during  debulking,  recurrence  status,  and  survivorship  was  collected 
from  clinical  note,  operation  note,  and  discharge  summary  that  were 
deposited  in  a  centralized  database.  All  the  patients'  identifiers  were 
decoded  before  data  analysis.  We  defined  optimal  debulking  as  the 
residual  tumor  nodules  with  sizes  <1  cm  after  surgery.  Survival  curves 
were  established  using  the  Kaplan-Meier  method,  and  their  differences 
were  analyzed  using  the  log-rank  test.  Overall  survival  time  was  defined 
as  the  number  of  months  between  diagnosis  and  death  or  between 
diagnosis  and  most  recent  follow-up.  All  patients  with  advanced  high- 
grade  serous  carcinomas  were  treated  with  combined  chemotherapy, 
including  paclitaxel  and  cisplatin,  after  optimal  debulking  surgery. 
Spearman  correlation  was  used  to  determine  the  association  between 
mesothelin  expression  and  differentiation  status  (moderate  or  poor). 
Statistical  association  between  mesothelin  expression  and  patient  age, 
tumor  grade,  tumor  site  (primary  or  recurrent),  and  in  vitro  dmg 
resistance  status  was  determined  using  Fisher's  exact  test. 

Results 

To  comprehensively  analyze  mesothelin  expression  levels  in 
common  tjqDes  of  carcinomas,  we  did  a  sequence  tag  analysis 
based  on  the  SAGE  libraries  that  were  available  in  the  public 
database  (http://cgap.nci.nih.gov/SAGE).  SAGE  provides  an 
unbiased  genome-wide  analysis  of  all  transcripts  and  has  been 
used  extensively  in  characterizing  gene  expression  (19,  20).  As 
shown  in  Eig.  1,  half  of  the  ovarian  and  pancreatic  carcinoma 
libraries  showed  up-regulation  of  mesothelin  (increased  mes- 
othelin-matched  tag  sequences)  compared  with  their  normal 
counterparts.  Specifically,  overexpression  of  mesothelin  (nor¬ 
malized  tag  count  >  5)  was  found  in  5  of  10  ovarian  carcinoma 
libraries  and  in  three  of  six  pancreatic  carcinoma  libraries. 
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Fig.1.  Mesothelin  expression  profiles  based  on 
SAGE  analysis.  Tumor  (T)  and  normal  {N)  tissues 
or  cell  lines  from  ovary,  pancreas,  liver,  colon, 
kidney,  prostate,  and  breast  were  compared.  Tag 
counts  per  100,000  total  tags  are  normalized 
{y-axis).  Ovarian  and  pancreatic  carcinomas  are  the 
two  tumor  types  that  overexpress  mesothelin. 
Mesothelin  is  not  expressed  in  any  normal  tissue 
types. 


SAGE  Profiles  of  Mesothelin 


Ovary  Pancreas  Liver  Colon  Kidney  Prostate  Breast 


By  contrast,  none  of  the  libraries  representing  ovarian  surface 
epithelial  cells  and  pancreatic  ductal  epithelium  had  mesothe- 
lin-matched  tag  counts  of  >5.  A  wide  variety  of  normal  tissues 
also  did  not  express  mesothelin-matched  tags,  indicating  a  high 
specificity  of  mesothelin  expression  in  carcinoma  tissues. 

Because  ovarian  carcinoma  is  one  of  the  two  tumor  types  that 
most  frequently  overexpress  mesothelin  based  on  SAGE  analysis, 
in  this  study,  we  focused  on  analyzing  the  relationship  between 
mesothelin  expression  and  clinicopathologic  features  of  ovarian 
serous  carcinomas.  Among  ovarian  serous  carcinoma  tissues, 
mesothelin  immunoreactivity  was  heterogeneous  with  immu- 
noreactive  cells  ranging  from  0%  to  99%  (Fig.  2).  Immunore¬ 
activity  of  mesothelin  was  almost  exclusively  detected  on  the  cell 
surface.  In  contrast,  mesothelin  immunoreactivity  was  absent 
from  all  six  normal  ovaries  containing  ovarian  surface  epithe¬ 
lium.  Using  an  arbitrary  cutoff  of  5%,  mesothelin  expression 
(>5%  of  tumor  cells)  was  found  in  55%  of  ovarian  serous 
carcinomas  (Table  1).  To  validate  immunohistochemistry 
results,  we  did  reverse  transcriptase-PCR  in  eight  representative 
cases,  in  which  the  frozen  samples  were  available  and  showed 
that  PCR  product  of  mesothelin  was  robust  in  representative 
tumors  with  diffuse  mesothelin  immunoreactivity  (3+  and  4-t) 
but  was  barely  detectable  in  tumors  with  score  of  0. 

Next,  we  examined  whether  mesothelin  expression  correlated 
with  clinicopathologic  features.  First,  we  determined  if  meso¬ 
thelin  expression  was  related  to  different  types  of  ovarian  serous 
carcinomas,  which  comprises  mainly  high-grade  and  low-grade 
serous  carcinomas.  Both  types  of  carcinomas  are  characterized 
by  distinctive  clinical,  morphologic,  and  molecular  genetic 
features  (21,  22).  The  frequency  of  mesothelin  expression  (>5% 
of  tumor  cells)  in  high-grade  serous  carcinomas  (55%;  95% 
confidence  interval,  47-63%)  was  similar  to  low-grade  serous 
carcinomas  (58%;  95%  confidence  interval,  41-75%)  without 
statistical  significance  (P  =  0.82).  Second,  we  evaluated  whether 
expression  of  mesothelin  was  related  to  a  patient's  overall 
survival  in  high-grade  serous  carcinoma.  Low-grade  serous 
carcinomas  were  less  common,  and  the  case  number  was  not 
sufficient  for  statistical  analysis  of  cumulative  survival  rates  in 
this  study.  In  high-grade  serous  carcinomas,  we  focused  on 


Fig.  2.  Representative  micrographs  of  mesothelin  immunostaining  using  the 
antibody  5B2.  Mesothelin  immunoreactivity  varies  among  high-grade  ovarian 
serous  carcinomas  from  score  0  to  A+.  Reverse  transcriptase-PCR  was  done  on 
tumors  with  score  0  and  3+.  The  carcinoma  with  3+  shows  a  robust  PCR  product 
of  238  bp  that  corresponds  to  mesothelin  transcript  (arrow),  whereas  the  carcinoma 
without  detectable  mesothelin  immunoreactivity  only  shows  a  barely  detectable 
PCR  product  (right  bottom).  Molecular  weight  ladder  (lane  3).  Magnification,  x40. 
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Table  1.  Expression  of  mesothelin  in  ovarian  serous 
tumors 


Score 

HGCA 

LGCA 

OSE 

0 

75 

13 

6 

l-t 

52 

10 

0 

2+ 

27 

4 

0 

3-t 

8 

1 

0 

4-t 

5 

3 

0 

Total 

167 

31 

6 

Abbreviations:  HGCA,  high-grade  serous  carcinoma;  LGCA,  low-grade  serous 
carcinoma;  OSE,  ovarian  surface  epithelium  from  normal  ovaries. 


advanced-stage  diseases  (92  International  Federation  of  Gyne¬ 
cology  and  Obstetrics  stage  III  and  13  International  Federation 
of  Gynecology  and  Obstetrics  stage  IV  cases),  because  the  vast 
majority  of  patients  with  high-grade  serous  carcinomas  were 
diagnosed  at  these  two  stages.  Among  167  high-grade  cases, 
there  were  105  patients  who  received  optimal  debulking 
surgery  followed  by  paclitaxel/cisplatin- based  combined  che¬ 
motherapy,  and  their  long-term  follow-up  information  was 
available.  Therefore,  these  patients  were  analyzed  for  correla¬ 
tion  between  mesothelin  expression  and  overall  survival.  We 
separated  high-grade  cases  into  two  groups:  group  A  with 
diffuse  immunoreactivity  (immunostaining  score:  2-4)  and 
group  B  with  negligible  or  focal  immunoreactivity  (immuno¬ 
staining  score:  0-1).  Using  this  cutoff,  we  were  able  to  show  that 
patients  in  group  A  (n  =  29)  had  a  significantly  better  overall 
survival  than  patients  in  group  B  (n  =  76;  Fig.  3).  The  median 
survival  was  60  months  among  group  A  patients  and  34 
months  among  group  B  patients.  There  was  a  statistically 
significant  difference  in  overall  survival  between  both  groups 
(P  =  0.023,  log-rank  test).  The  statistical  significance  in  overall 
survival  even  improved  if  only  stage  III  patients  were  analyzed 
(P  =  0.011).  Survival  correlation  was  not  done  in  stage  IV 
patients,  because  there  was  a  limited  case  number  (n  =  13)  for 
statistical  analysis.  Patients  in  both  groups  had  a  similar  age 
distribution  (63.2  ±  12.3  versus  62.7  ±  10.9  years)  and 
received  optimal  tumor  debulking  surgery  followed  by  pacli¬ 
taxel/cisplatin -based  chemotherapy.  We  have  also  attempted 
to  use  different  cutoffs  to  separate  patients  into  groups 
(immunostaining  score:  0  versus  1-4)  but  were  unable  to  show 
any  statistical  significance  (P  =  0.28,  log-rank  test). 

To  further  explore  possible  mechanisms  for  how  mesothelin 
expression  is  related  to  favorable  overall  survival  in  patients  with 
high-grade  serous  carcinomas,  we  correlated  mesothelin  expres¬ 
sion  with  other  clinical  and  histopathologic  features.  Expression 
of  mesothelin  did  not  correlate  with  the  status  of  in  vitro  drug 
resistance  for  paclitaxel  (P  =  0. 1 06)  or  cisplatin  (P  =  1 ),  which  are 
commonly  used  in  treating  ovarian  cancer  patients.  We  found 
that  mesothelin  was  more  frequently  expressed  in  primary 
high-grade  serous  carcinomas  compared  with  recurrent  counter¬ 
parts,  but  the  difference  did  not  reach  a  statistical  significance 
(P  =  0.178).  High-grade  serous  carcinomas  have  been  conven¬ 
tionally  classified  into  moderately  and  poorly  differentiated 
carcinomas  based  on  whether  they  are  predominantly  papillary 
or  solid,  respectively.  By  classifying  high-grade  carcinomas  into 


moderately  and  poorly  differentiated  carcinomas,  mesothelin 
expression  did  not  correlate  (P  =  0.35)  with  either  differentiation 
status  category. 


Discussion 

Mesothelin  is  an  emerging  marker  for  diagnosis  and  target- 
based  therapy  in  cancer.  Ovarian  cancer  is  one  of  the  most 
common  types  of  carcinoma  that  overexpresses  mesothelin.  In 
this  study,  we  first  compared  the  available  SAGE  data  for 
mesothelin  expression  and  then  analyzed  mesothelin  immu¬ 
noreactivity  in  a  large  number  of  ovarian  serous  carcinomas 
and  correlated  mesothelin  expression  to  several  clinicopatho- 
logic  features.  Our  SAGE  analysis  confirmed  previous  reports 
(1,  2,  23-25)  that  mesothelin  was  expressed  in  the  majority  of 
ovarian  carcinomas  but  not  in  a  wide  variety  of  normal  adult 
tissues,  suggesting  that  mesothelin  is  an  ideal  marker  for  cancer 
diagnosis  and  target-based  therapy. 

The  most  significant  finding  in  this  study  is  that  we  showed 
that  diffuse  mesothelin  expression  conferred  a  favorable  clinical 
outcome  in  patients  with  high-grade  serous  carcinoma.  A  lack 
of  correlation  of  mesothelin  expression  with  several  other  clini- 
copathologic  features,  including  tumor  site  (primary  versus  re¬ 
current),  tumor  grade,  drug  resistance  status,  and  differentiation 


A 


B 


Months 


Fig.  3.  Kaplan-Meier  survival  curves  comparing  tumors  with  negative  or  focal 
mesothelin  staining  (scores  of  0-1  or  <50%  positive  cells)  to  tumors  with  diffuse 
mesothelin  staining  (scores  of  2+,  3+,  and  4-i-)  in  {A)  both  stage  III  and  stage  IV 
high-grade  primary  ovarian  serous  carcinomas  and  {B )  only  stage  III  high-grade 
primary  ovarian  serous  carcinoma. 
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status  of  tumor  cells  indicates  that  mesothelin  seems  not  to  be 
associated  with  these  variables.  The  mechanisms  underlying  a 
positive  correlation  of  mesothelin  expression  and  a  prolonged 
overall  survival  in  ovarian  cancer  patients  remain  elusive  but 
immune  response  to  mesothelin  expressing  tumor  cells  may  be 
one  of  the  mechanisms.  This  view  is  supported  by  the  following 
evidence.  A  humoral  response  to  mesothelin  has  been  found  in 
patients  who  suffered  from  ovarian  cancer  and  mesothelioma 
(26).  Elevated  levels  of  mesothelin-specific  antibodies  were 
detected  in  the  sera  of  4 1 . 7%  of  patients  with  ovarian  cancer,  and 
the  immunogenicity  of  mesothelin  is  associated  with  high 
mesothelin  expression  in  tumor  cells.  Besides  the  humoral 
response,  a  cell-mediated  immune  response  may  also  play  an 
important  role.  It  has  been  reported  that  vaccination  with  a 
granulocyte  macrophage  colony-stimulating  factor -transduced 
allogeneic  pancreatic  tumor  vaccine  induced  human  mesothe- 
lin-specifrc  CDS*  T  cells  in  pancreatic  cancer  patients  (27). 
Among  those  patients  who  received  the  vaccine,  3  of  14  patients 
had  prolonged  survival.  It  is  also  noted  that  among  seven 
pancreatic  tumor  genes  identified  by  SAGE  as  overexpressed  on 
pancreatic  cancer,  only  mesothelin  was  recognized  by  T  cells 
from  the  three  patients  but  not  by  T  cell  from  other  patients. 
Therefore,  the  perfect  correlation  between  the  generation  of 
vaccine-dependent  T-cell  responses  to  mesothelin  and  long-term 
survival  (albeit  in  a  limited  number  of  patients)  makes  it  an 
extremely  promising  candidate  for  mesothelin-specific  immu¬ 
notherapy  (5). 


The  above  finding  indicates  that  immune  response  to 
mesothelin-expressing  ovarian  carcinoma  cells  may  result  in  a 
reduction  of  tumor  load  and  contribute  to  a  prolonged  patient's 
overall  survival.  It  is  interesting  to  note  that  a  longer  survival  only 
occurred  in  tumors  with  diffuse  mesothelin  expression  (>  50%) 
but  not  in  those  with  focal  expression.  This  finding  implies  that  a 
tumor  containing  greater  numbers  of  mesothelin-positive  tumor 
cells  was  more  likely  to  elicit  a  response  from  the  immune 
system,  whereas  a  tumor  with  focal  mesothelin-positive  cells 
would  continue  to  progress  unchecked  as  the  majority  of  tumor 
cells  fail  to  express  the  tumor  antigen.  Although  the  above  view 
represents  our  most  favored  hypothesis,  other  mechanisms  may 
also  exit.  Eor  example,  the  cell-cell  adhesion  mediated  by 
mesothelin  and  mucin  16  (CA125  molecules;  ref  3)  may  lead 
to  cohesive  tumor  growth  in  ovarian  carcinoma,  which  expresses 
mesothelin  and  prevents  cancer  cells  from  dissemination  or 
metastasis  in  the  peritoneal  cavity. 

In  conclusion,  this  report  represented  the  first  large-scale 
analysis  of  mesothelin  immunoreactivity  in  ovarian  serous 
carcinomas  and  provided  new  evidence  that  diffuse  mesothelin 
expression  is  associated  with  prolonged  patient  survival.  Multi- 
institutional  studies  will  be  required  to  confirm  whether 
mesothelin  is  an  independent  prognostic  marker  for  ovarian 
cancer  patients.  It  is  also  possible  that  future  gene  therapy 
directed  towards  enhancing  mesothelin  expression  in  cancer 
cells  can  offer  improved  clinical  outcome  to  ovarian  cancer 
patients. 
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A  genomewide  technology,  digital  karyotyping,  was  used  to  iden¬ 
tify  subchromosomal  alterations  in  ovarian  cancer.  Amplification 
at  11q13.5  was  found  in  three  of  seven  ovarian  carcinomas,  and 
amplicon  mapping  delineated  a  1.8-Mb  core  of  amplification 
that  contained  1 3  genes.  FISH  analysis  demonstrated  amplification 
of  this  region  in  13.2%  of  high-grade  ovarian  carcinomas  but  not 
in  any  of  low-grade  carcinomas  or  benign  ovarian  tumors.  Com¬ 
bined  genetic  and  transcriptome  analyses  showed  that  Rsf-1 
(HBXAPalpha)  was  the  only  gene  that  demonstrated  consistent 
overexpression  in  all  of  the  tumors  harboring  the  11q13.5  ampli¬ 
fication.  Patients  with  Rsf-1  amplification  or  overexpression  had  a 
significantly  shorter  overall  survival  than  those  without.  Over¬ 
expression  of  Rsf-1  gene  stimulated  cell  proliferation  and  trans¬ 
form  nonneoplastic  cells  by  conferring  serum-independent  and 
anchorage-independent  growth.  Furthermore,  Rsf-1  gene  knock¬ 
down  inhibited  cell  growth  in  OVCAR3  cells,  which  harbor  Rsf-1 
amplification.  Taken  together,  these  findings  indicate  an  important 
role  of  Rsf-1  amplification  in  ovarian  cancer. 

digital  karyotyping  |  gene  amplification  |  oncogene 

Gene  amplification  is  a  common  mechanism  underlying  onco¬ 
genic  activation  in  human  cancer  (1).  Amplifications  of  cyclin 
E,  HER2/neu,  AKT2,  and  L-Myc  have  been  reported  in  ovarian 
cancer,  and  it  is  expected  that  many  unknown  oncogenic  amplifi¬ 
cations  remain  to  be  identified.  Recent  advances  in  molecular 
genetic  techniques  and  the  success  of  the  human  genome  assembly 
have  provided  investigators  new  opportunities  to  explore  cancer 
genome  in  great  details  and  to  identify  novel  cancer-associated 
genes.  Digital  karyotyping  has  recently  been  developed  to  provide 
a  genomewide  analysis  of  DNA  copy  number  alterations  at  high 
resolution  (2)  and  has  been  applied  in  cancer  genetic  studies  (3-6). 
The  principle  of  digital  karyotyping  is  based  on  extracting  and 
counting  the  21-bp  sequence  tags  that  represent  different  loci  in 
human  genome.  Populations  of  tags  can  be  directly  matched  to  the 
unique  loci  in  genome  assembly,  and  digital  enumeration  of  tags 
provides  quantitative  measure  of  DNA  copy  number  along  chro¬ 
mosomes.  The  major  advantage  of  digital  karyotyping  is  that  it 
directly  counts  the  sequence  tags,  thus  providing  an  unbiased  and 
precise  digital  readout  of  DNA  copy  numbers.  The  current  study 
has  applied  this  new  technology  to  search  for  DNA  copy  number 
alterations  in  high-grade  ovarian  serous  carcinoma,  the  most  com¬ 
mon  and  lethal  type  of  ovarian  cancer. 

Materials  and  Methods 

Tissue  Samples.  Tissue  samples  were  obtained  from  the  Department 
of  Pathology  at  The  Johns  Hopkins  Hospital  between  1990  and 
2004.  Effusion  (peritoneal  and  pleural)  samples  were  obtained 
from  the  Norwegian  Radium  Hospital  in  Norway.  All  ovarian 
carcinomas  were  of  serous  type  from  sporadic  cases.  Acquisition  of 
tissue  specimens  and  clinical  information  was  approved  by  an 
institutional  review  board  (The  Johns  Hopkins  University)  or  by  the 
Regional  Ethics  Committee  (Norway). 
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Digital  Karyotyping.  Carcinoma  cells  were  affinity  purified  by  using 
magnetic  beads  conjugated  with  the  Epi-CAM  antibody  (Dynal, 
Oslo).  The  purity  of  tumor  cells  was  confirmed  by  immunostaining 
with  an  anti-cytokeratin  antibody,  CAM  5.2  (Becton  Dickinson, 
San  Jose,  CA)  and  samples  with  greater  than  95%  epithelial  cells 
were  used  in  this  study.  Digital  karyotyping  library  construction  and 
data  analysis  were  performed  by  following  the  protocol  in  refs.  2 
and  3.  Approximately  120,000  genomic  tags  were  obtained  for  each 
digital  karyotyping  library.  After  removing  the  nucleotide  repeats 
in  the  human  genome,  the  average  of  filtered  tags  was  66,000  for 
each  library.  We  set  up  a  window  size  of  300  for  the  analysis  in  this 
study.  Based  on  Monte  Carlo  simulation,  the  parameters  used  in 
this  study  can  reliably  detect  >0.5-Mb  amplicon  with  >5-fold 
amplification  with  >99%  sensitivity  and  100%  positive  predictive 
value. 

FISH  and  Immunohistochemistry.  Formalin-fixed,  paraffin- 
embedded  tissues  were  arranged  onto  tissue  microarrays  to  facili¬ 
tate  FISH  analysis.  Three  representative  cores  (1.5-mm  diameter) 
from  each  tumor  were  placed  on  the  tissue  microarrays.  Bacterial 
artificial  chromosome  clones  containing  the  genomic  sequences  of 
the  llql3.5  amplicon  at  77.05-77.23  Mb  (RP11-1107J12)  and 
EMSY  at  75.88-76.09  Mb  (CTD-2501F13)  were  purchased  from 
Bacpac  Resources  (Children’s  Hospital  Oakland,  CA)  and  Invitro- 
gen  (Carlsbad,  CA),  respectively.  The  RP11-846G12  bacterial 
artificial  chromosome  clone,  located  at  llqll  (55.88-56.05  Mb), 
was  used  as  the  control  probe.  The  method  for  FISH  has  been 
detailed  in  ref.  3.  Two  individuals  who  were  not  aware  of  the  tumor 
grade  and  clinical  information  evaluated  FISH  signals.  Approxi¬ 
mately  100  tumor  cells  were  examined  for  each  specimen.  Ampli¬ 
fication  of  the  Rsf-1  and  EMSY  genes  was  defined  as  a  ratio  of  the 
gene  probe  signal  to  the  control  probe  signal  exceeding  2. 

A  mouse  monoclonal  anti-Rsf-1  antibody  (gift  from  Danny 
Reinberg,  University  of  Medicine  and  Dentistry  of  New  Jersey, 
Piscataway,  NJ)  was  used  in  the  immunohistochemistry  study. 
Immunohistochemistry  was  performed  by  standard  protocol  with 
an  EnVision-l System  peroxidase  kit  (DAKO,  Carpinteria,  CA). 

Quantitative  Real-Time  PCR.  Real-time  PCR  for  genomic  DNA  copy 
numbers  and  gene  expression  levels  was  performed  by  using 
methods  described  in  ref.  7,  and  PCR  primers  were  listed  in  the 
Tables  1  and  2,  which  are  published  as  supporting  information  on 
the  PNAS  web  site.  PCR  reactions  were  performed  by  using  an 
iCycler  (Bio-Rad,  Hercules,  CA).  For  quantitative  PCR  performed 
with  genomic  DNA,  we  used  a  cutoff  ratio  of  2.2  to  define  genomic 
amplification.  This  cutoff  value  was  determined  as  the  mean  -I-  2 
standard  deviations  based  on  quantitative  PCR  analyses  of  normal 


This  paper  was  submitted  directly  (Track  II)  to  the  PNAS  office. 

Abbreviations:  OSE,  ovarian  surface  epithelial;  shRNA,  short  hairpin  RNA;  siRNA,  short 
interfering  RNA. 
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Fig.  1.  Identification  of  the  11q13.5  amplicon  in 
ovarian  cancers,  (a)  Digital  karyotyping  Identified 
three  ovarian  carcinomas  that  contained  discrete  am¬ 
plifications  at  1 1q13.5  region.  Alignment  of  the  am- 
plicons  revealed  a  common  region  of  amplification 
(blue  line  in  Bottom)  spanning  from  76.6  Mb  to  78.4 
Mb  at  chromosome  llq.  Red  and  green  arrows  indi¬ 
cate  the  physical  locations  of  EMSY  and  Rsf-1,  respec¬ 
tively.  (b)  Validation  of  1 1q13.5  amplification  was  per¬ 
formed  by  FISH  analysis  in  the  same  three  tumors  by 
using  a  probe  (green)  located  within  the  minimal  am¬ 
plicon  of  1 1q13.5  and  a  control  probe  (red)  located  at 
llqll  (21  Mb  centromeric  to  the  minimal  amplicon). 
(c)  1 1q13.5  amplification  was  further  validated  in  the 
three  tumors  by  using  quantitative  real-time  PCR  on 
genomic  DNA.  For  each  tumor,  an  increase  in  the  DNA 
copy  number  (y  axis)  is  present  at  a  specific  subchro- 
mosomal  region  that  corresponds  to  the  amplification 
identified  by  digital  karyotyping.  The  dashed  line  in¬ 
dicates  a  cutoff  of  2.2  that  represents  the  threshold  for 
amplification  with  a  confidence  level  of  97.5%. 


diploid  cells  by  using  all  of  the  primer  sets.  This  cutoff  value  gave 
a  confidence  level  of  97.5%. 

Cell  Proliferation  Assay.  Cells  were  seeded  in  96-well  plates  at  a 
density  of  4,000  cells  per  well.  The  cell  number  was  determined 
indirectly  by  the  fluorescence  intensity  of  SYBR  Green  I  nucleic 
acid  gel  stain  (Molecular  Probes,  Eugene,  OR)  by  using  a  micro¬ 
plate  reader  (Fluostar,  BMG,  Durham,  NC).  Data  were  expressed 
as  the  mean  ±  1  standard  deviation  from  five  replicates  in  each 
experimental  group.  Anchorage-independent  growth  assay  was 
performed  as  described  in  ref.  8.  Data  were  expressed  as  the 
mean  ±  1  standard  deviation  from  triplicates. 

Short  Interfering  RNA  (siRNA)-Mediated  Knockdown  of  Rsf-1  Expres¬ 
sion.  Three  siRNAs  that  targeted  Rsf-1  were  designed  and  their 
sense  sequences  were  as  follows:  GGAAAGACAUCUCUAC- 
UAUUU,  UAAAUGAUCUGGACAGUGAUU,  and  GGACU- 
UACCUUCAACCAAUUU.  Control  siRNA  (off-target  control, 
catalog  no.  D-001210-02-05)  was  purchased  from  Dharmacon 
(Lafayette,  CO).  Cells  were  seeded  in  96  wells  and  transfected  with 
siRNAs  by  using  oligofectamine  (Invitrogen).  BrdUrd  uptake  and 
staining  were  performed  by  using  a  cell  proliferation  kit  (Tkmer- 
sham  Pharmacia,  Buckinghamshire,  U.K.).  Apoptotic  cells  were 
detected  by  using  an  annexin  V  staining  kit  (BioVision,  Mountain 
View,  CA).  The  percentage  of  BrdUrd-positive  and  annexin  V 
positive  cells  was  determined  by  counting  =300  cells  from  each  well 
in  96-well  plates.  The  data  were  expressed  as  mean  ±  1  standard 
deviation  from  triplicates. 


Statistical  Method  for  Clinical  Correlation.  Overall  survival  was 
calculated  from  the  date  of  the  primary  surgery  for  ovarian  tumors 
to  the  date  of  death  or  last  followup.  Patients  with  Rsf-f  amplifi¬ 
cation  and  without  amplification  had  similar  age  distributions  and 
received  optimal  tumor  debulking  surgery,  followed  by  carboplatin 
and  taxol-based  chemotherapy.  The  data  were  plotted  as  Kaplan- 
Meier  curves,  and  the  statistical  significance  was  determined  by  the 
Log-rank  test.  Data  were  censored  when  patients  were  lost  to 
followup.  In  a  Cox  proportional  hazard  model,  the  P  values  were 
assessed  by  using  a  likelihood  ratio  test  as  implemented  by  the 
“survival”  package  in  the  statistical  programming  language  R 
(www.r-project.org).  Student  t  test  was  used  to  examine  the  statis¬ 
tical  significance  in  the  difference  of  growth  assay  data. 

Results 

Digital  Karyotyping  of  Ovarian  Carcinomas.  Digital  karyotyping  was 
used  to  evaluate  the  genomic  alterations  in  seven  ovarian  cancer 
samples,  including  six  high-grade  ovarian  serous  carcinomas  and 
one  ovarian  cancer  cell  line,  OVCAR3.  Analysis  of  the  genomic  tag 
densities  along  chromosomes  revealed  a  discrete  amplification  at 
chromosome  llql3.5  in  three  libraries,  including  two  high-grade 
ovarian  carcinomas  and  the  OVCAR3  cell  line.  No  evidence  of 
other  amplification  cores  was  detected  in  chromosome  11  in  any  of 
the  ovarian  cancer  libraries  (Fig.  6,  which  is  published  as  supporting 
information  on  the  PNAS  web  site).  Alignment  of  these  three 
amplicons  delineated  an  overlapping  region  of  amplification,  span¬ 
ning  from  76.6  to  78.4  Mb  on  the  chromosome  llq  (Fig.  la). 
Examination  of  the  RefSeq  database  in  the  human  genome  assem- 
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bly  (July  2003  freeze,  University  of  California,  Santa  Cruz)  revealed 
that  13  genes  were  completely  located  within  the  minimal  amplicon 
(Fig.  7,  which  is  published  as  supporting  information  on  the  PNAS 
web  site).  EMSY  gene,  which  has  recently  been  reported  as  a 
candidate  oncogene  in  breast  and  ovarian  carcinomas,  was  located 
at  76  Mb  (9),  close  to  but  outside  the  minimal  region  of  the 
amplification  (Fig.  la).  Two  methods  were  used  to  validate  the 
digital  karyotyping  results.  First,  dual-color  FISH  was  performed  to 
validate  the  llql3.5  amplification  in  these  three  tumors  by  using  a 
bacterial  artificial  chromosomes  probe  located  at  the  llql3.5 
minimal  amplicon  (Fig.  7)  and  a  control  probe  located  at  llqll  (21 
Mb  centromeric  to  the  minimal  amplicon).  As  shown  in  Fig.  lb,  we 
found  that  all  three  amplified  tumors  defined  by  digital  karyotyping 
showed  distinct  llql3.5  amplification.  Second,  quantitative  real¬ 
time  PCR  was  performed  to  measure  the  DNA  copy  numbers  at  12 
loci  flanking  and  within  the  amplicon,  including  the  EMSY  gene  in 
these  three  tumors  (Fig.  Ic).  We  found  that  increases  in  the  DNA 
copy  number  were  present  at  subchromosomal  regions  similar  to 
the  amplifications  delineated  by  digital  karyotyping.  Furthermore, 
the  fold  of  DNA  copy  number  increase  detected  by  quantitative 
PCR  is  at  similar  levels  to  that  of  digital  karyotyping.  A  cutoff  ratio 
of  2.2  was  used  to  search  for  amplifications  with  >97.5%  confi¬ 
dence,  and  the  delineated  common  region  of  amplification  (from 
Loc220032  locus  to  FIJ23441  locus)  was  consistent  with  that 
derived  from  digital  karyotyping. 

To  determine  the  frequency  of  the  llql3.5  minimal  amplicon,  we 
performed  dual-color  FISH  on  211  paraffin-embedded  ovarian 
tissue  specimens  by  using  the  FISH  probe  located  at  the  minimal 
amplicon  and  the  control  FISH  probe  that  is  the  same  as  described 
above  (located  on  llqll).  The  advantage  of  selecting  the  control 
FISH  probe  on  the  same  chromosomal  arm  as  the  minimal  ampli¬ 
con  is  that  it  could  facilitate  distinguishing  chromosome  duplication 
from  gene  amplification,  the  latter  involving  smaller  subchromo¬ 
somal  region  (10).  Using  this  method,  we  found  llql3.5  amplifi¬ 
cation  in  16  of  121  (13.2%)  high-grade  serous  carcinomas.  In 
contrast,  llql3.5  gene  amplification  was  not  detected  in  any  of  40 
low-grade  serous  carcinomas,  14  serous  borderline  tumors,  19 
benign  cystadenomas,  and  17  normal  ovaries.  Thus,  llql3.5  am¬ 
plification  was  detected  exclusively  in  high-grade  serous  carcino¬ 
mas.  Among  the  16  tumors  with  llql3.5  amplification,  5  cases 
showed  a  homogeneous  staining  region  pattern,  3  cases  showed  a 
high  level  gain  (>4.5-fold),  and  the  remaining  8  tumors  exhibited 
a  moderate  gain  (between  2.5-  and  4-fold).  It  should  be  noted  that 
in  addition  to  the  16  tumors  with  discrete  amplification,  we  ob¬ 
served  llq  polysomy  in  another  14  tumors  based  on  an  equal 
number  of  signals  for  both  llql3.5  and  control  probes.  These 
tumors  were  not  considered  to  have  amplification  specific  to  the 
llql3.5  region  in  this  study. 

To  further  elucidate  the  physical  relationship  between  EMSY 
and  the  minimal  amplicon,  we  performed  dual-color  FISH  in  the 
same  set  of  tumor  samples  by  using  EMSY  probe  and  same  control 
probe.  We  found  that  EMSY  was  amplified  in  12  of  117  (10.3%) 
high-grade  serous  carcinomas  that  were  available  for  analysis.  All 
12  EMSY  amplified  carcinomas  also  demonstrated  amplification  at 
llql3.5  minimal  amplicon.  Conversely,  4  of  the  16  carcinomas  that 
contained  llql3.5  minimal  region  amplification  did  not  harbor 
EMSY  amplification  (Fig.  8,  which  is  published  as  supporting 
information  on  the  PNAS  web  site).  This  result  indicated  that 
llql3.5  minimal  amplicon  is  more  frequently  amplified  than  its 
neighborhood  region  that  contained  EMSY  gene  in  high-grade 
serous  carcinomas. 

Transcript  Analysis  of  the  11q13.S  Minimal  Amplicon.  To  identify  the 
potential  amplified  oncogene  within  the  llql3.5  amplicon,  we 
applied  an  approach  based  on  the  rationale  that  a  tumor-driving 
gene,  when  amplified,  almost  always  overexpresses  to  activate  the 
tumorigenic  pathway,  whereas  coamplified  “passenger”  genes  that 
are  unrelated  to  tumor  development  may  or  may  not  do  so  (10). 


Fig.  2.  Gene  expression  analysis  of  the  1 1q13.5  amplicon  in  ovarian  tumors. 
Quantitative  real-time  PCR  was  performed  for  all  13  genes  located  within  the 
minimal  amplicon  in  benign  cystadenomas,  low-grade  ovarian  carcinomas 
and  high-grade  ovarian  carcinomas  with  or  without  11q13.5  amplification. 
The  expression  level  of  each  gene  (left  to  right:  centromeric  to  telomeric)  in 
individual  specimen  is  shown  as  a  pseudocolor  gradient  based  on  the  relative 
expression  level  of  a  given  specimen  to  the  normal  ovarian  surface  epithelium. 
(Right)  The  amplification  status  of  Rsf-1,  EMSY,  and  the  llqll  (control  locus 
for  FISH)  for  each  specimen  was  determined  by  FISH  analysis.  Filled  circles 
indicate  amplification,  and  open  circles  indicate  no  amplification. 


Therefore,  we  searched  for  genes  with  both  DNA  amplification  and 
transcript  up-regulation  in  the  same  tumor  samples.  Ten  high-grade 
ovarian  carcinomas  that  contained  llql3.5  amplification  and  had 
their  frozen  tissues  available  were  analyzed  by  quantitative  real¬ 
time  PCR  to  assess  mRNA  levels  in  all  of  the  genes  within  the 
minimal  amplicon.  The  same  assay  was  also  performed  in  six  benign 
cystadenomas,  10  serous  borderline  tumors,  and  36  high-grade 
carcinomas  that  did  not  contain  llql3.5  amplification.  Freshly 
brushed  ovarian  surface  epithelium  (kind  gift  from  M.  J.  Birrer, 
National  Cancer  Institute,  Rockville,  MD),  which  has  been  con¬ 
sidered  as  an  appropriate  normal  control,  was  used  for  normaliza¬ 
tion  of  gene  expression  (11).  We  used  the  Wilcoxon  test  to  compute 
and  compare  the  difference  in  gene  expression  levels  between 
llql3.5  amplified  versus  nonamplified  high-grade  carcinomas.  We 
found  that  among  the  genes  within  the  minimal  amplicon,  Rsf-1 
(HBXAP)  had  the  most  significant  difference  (P  =  8.5  X  10“'’)  in 
expression  levels  between  llql3.5  amplified  and  nonamplified 
specimens.  Furthermore,  Rsf-1  was  the  only  gene  demonstrating 
consistent  overexpression  among  the  amplified  tumors.  Accord¬ 
ingly,  Rsf-1  was  prioritized  for  further  characterization  in  this  study. 
EMSY  mRNA  levels  were  also  measured  in  parallel.  We  observed 
that  although  the  EMSY  gene  was  coamplified  in  eight  of  the  tested 
samples,  its  RNA  level  was  not  consistently  up-regulated  as  five  of 
the  tumors  that  harbored  EMSY  amplification  down-regulated 
EMSY  mRNA  expression  (Fig.  2). 

Correlation  of  Rsf-1  Protein  Overexpression  and  Gene  Amplification. 

To  demonstrate  a  more  comprehensive  correlation  between  Rsf-1 
gene  amplification  and  protein  expression,  we  performed  immu- 


14006  I  WWW. pnas.org/cgi/doi/10.1073/pnas. 05041 95 102 


Shih  et  al. 


Fig.  3.  Correlation  of  Rsf-1  DNA  copy  numbers  and  Rsf-1  protein  expression  in  high-grade  ovarian  carcinomas,  (a)  The  specificity  of  the  anti-Rsf-1  antibody  is 
demonstrated  by  Western  blot  analysis.  293,  human  embryonic  kidney  (HEK)  293  cells;  293T,  HEK293  cells  transfected  with  a  full-length  Rsf-1  gene.  A 
predominant  band  of  Rsf-1  protein  at  215  kDa  that  represents  the  full-length  Rsf-1  gene  is  detected  in  293T  cells.  The  faint  lower  band  represents  the  degradation 
product  of  Rsf-1  protein.  Endogenous  Rsf-1  expression  is  also  observed  in  293  cells  but  not  in  OSE  cells.  (Lower)  The  GAPDH  expression  as  the  loading  control, 
(fa  Left)  A  high-grade  carcinoma  shows  weak  Rsf-1  immunoreactivity  (1+)  and  does  not  display  Rsf-1  gene  amplification.  (Right)  A  high-grade  tumor 
demonstrates  an  intense  Rsf-1  immunoreactivity  (4-t)  and  displays  Rsf-1  gene  amplification,  (c)  Rsf-1  protein  expression  correlates  with  the  Rsf-1  gene  copy 
number  in  high-grade  ovarian  carcinomas.  Tumors  with  the  highest  copy  number  of  Rsf-1  DNA  [manifested  as  homogenous  staining  regions  (HSR)]  express  the 
highest  level  of  Rsf-1  protein  (4-t).  Tumors  that  lack  Rsf-1  amplification  demonstrate  weak  to  moderate  Rsf-1  immunoreactivity  (1  +  and  2+).  Each  dot  represents 
an  individual  specimen.  Among  16  amplified  tumors,  there  are  15  available  for  immunohistochemistry. 


nohistochemistry  with  an  anti-Rsf-1  monoclonal  antibody  on  the 
same  panel  of  tissues  used  in  FISH  analysis.  The  specificity  of  the 
Rsf-1  monoclonal  antibody  has  been  demonstrated  in  ref.  12  and 
was  independently  confirmed  in  this  study  (Fig.  3fl).  Overall,  there 
was  a  statistically  significant  correlation  between  Rsf-1  gene  am¬ 
plification  and  Rsf-1  immunoreactivity  (P  <  0.001,  Spearman 
correlation).  We  found  that  llql3.5  nonamplified  tumors  demon¬ 
strated  either  weak  (1-I-,  21%  of  tumors)  or  moderate  (2-I-,  74%  of 
tumors)  Rsf-1  immunoreactivity  (Fig.  3  b  and  c).  In  contrast,  all  of 
the  tumors  with  Rsf-1  amplification  demonstrated  an  immunoin- 
tensity  of  2-I--4-I-,  with  the  most  intense  immunoreactivity  (4-I-) 
found  in  those  with  a  homogeneous  staining  region  pattern  (n  =  5) 
and  a  strong  immunoreactivity  (3-I-,  n  =  6)  found  in  those  with 
high-fold  DNA  gain  (3-  to  5-fold)  (Fig.  3  b  and  c).  Four  tumors  with 
mild  gain  (2-  to  3.5-fold)  in  the  Rsf-1  DNA  copy  number  demon¬ 
strated  moderate  immunointensity  (2-I-),  and,  thus,  they  were 
similar  to  the  majority  of  the  high-grade  tumors  without  Rsf-1 
amplification.  This  finding  is  likely  attributed  to  the  semiquantita- 
tive  nature  inherent  to  immunohistochemistry  in  scoring  mild  to 
moderate  immunointensity  because  such  limitation  in  scoring 
Her2/neu  immunointensity  has  been  reported  in  ref.  13. 

Clinical  Significance  of  11q13.5  Amplification  and  Rsf-1  Overexpres¬ 
sion.  Amplification  of  the  Rsf-1  locus  and  Rsf-1  overexpression 
were  correlated  with  clinical  outcome  in  patients  with  high-grade 
ovarian  serous  carcinoma.  Because  the  FISH  probe  used  to  assess 
llql3.5  amplification  contained  the  whole  Rsf-1  coding  region 
(Fig.  7),  it  allowed  us  to  use  the  same  FISH  data  and  analyze  the 
clinical  significance  of  Rsf-1  amplification.  A  total  of  107  of  121 
patients  were  available  for  survival  analysis.  The  other  14  tumors 
harboring  chromosomellq  polysomy  were  excluded  in  the  analysis 
because  polysomy  was  considered  as  duplication  of  chromosomal 
arms  or  large  genomic  segments  and  could  not  simply  be  grouped 
to  either  Rsf-1  amplified  or  nonamplified  cases. 

We  found  that  all  107  patients  had  advanced  stage  high-grade 
serous  carcinomas  (the  majority  at  FIGO  stage  III).  Among  them, 
16  patients  who  had  Rsf-1  amplification  in  their  tumors  had  a 
shorter  overall  survival  compared  with  those  without  amplification 
(P  =  0.015;  Log  rank  test)  (Fig.  4a).  The  median  overall  survival  was 
29  months  [95%  confidence  index  (Cl):  18.8-39.1  months]  for  the 


amplified  group  and  36  months  (95%  Cl:  24.3-47.7  months)  for  the 
nonamplified  group.  Quantitative  real-time  PCR  was  also  used  to 
measure  Rsf-1  mRNA  in  tumor  cell  pellets  from  53  effusion 
samples  that  were  not  feasible  for  FISH  analysis.  An  arbitrary  cutoff 
of  the  expression  level  (>2.4  fold  compared  with  normal  ovarian 
surface  epithelium)  was  used  to  assign  specimens  to  either  high 
expression  (n  =  11)  or  low  expression  (n  =  42)  groups.  The  results 
indicated  that  high  levels  of  Rsf-1  mRNA  expression  (>2.4  fold) 
were  correlated  with  poor  outcome  (P  =  0.037;  Log  rank  test)  (Fig. 
4b)  with  median  overall  survival  of  19  months  (95%  Cl:  14.5-23.6) 
in  patients  with  Rsf-1  mRNA  overexpression  and  38  months  (95% 
Cl:  28.3-47.8)  in  patients  without  Rsf-1  mRNA  overexpression. 
Rsf-1  amplification  and  overexpression  appeared  as  independent 
prognostic  factors  based  on  a  multivariate  analysis  adjusted  for 
patient  age,  clinical  stage,  and  differentiation  status  of  tumor 
histology. 

To  further  test  whether  the  clinical  significance  of  Rsf-1  ampli¬ 
fication  and  overexpression  depended  on  the  arbitrary  cutoffs,  we 
performed  a  survival  analysis  by  using  continuous  variables  in  a  Cox 
proportional  hazard  model.  The  P  values  assessed  by  a  likelihood 
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Fig.  4.  Rsf-1  amplification  and  overexpression  correlate  with  shorter  overall 
survival  in  patients,  (a)  Kaplan-Meier  survival  analysis  shows  that  Rsf-1  am¬ 
plification  (solid  line,  n  =  16)  is  associated  with  a  shorter  overall  survival 
compared  with  tumors  without  Rsf-1  amplification  (dashed  line,  n  =  91)  (P  = 
0.015,  Log-rank  test),  {b)  Quantitative  real-time  PCR  in  effusion  samples  of 
ovarian  high-grade  serous  carcinomas  demonstrates  that  Rsf-1  over¬ 
expression  (>  2.4  fold  of  normal  ovarian  surface  epithelium;  solid  line;  n  =  1 1) 
correlates  significantly  with  shorter  overall  survival  than  those  with  a  low 
expression  level  (<  2.4  fold;  dash  line;  n  =  42)  (P  =  0.037,  Log-rank  test). 
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Fig.  5.  Functional  analyses  of  Rsf-1  expression,  (a) 
Western  blot  analysis  shows  that  Rsf-1 -transfected  RK3E 
clones  {C-1,  -2,  and  -3)  express  Rsf-1  protein  with  a 
predominant  molecular  mass  of  215  kDa  that  is  similar  to 
the  endogenous  Rsf-1  protein  expressed  in  OVCAR3 
cells.  Control  RK3E  cells,  which  are  transfected  with  an 
empty  vector,  do  not  express  Rsf-1  protein.  As  compared 
with  the  control  RK3E  cells,  Rsf-1  clones  continue  prolif¬ 
erating  at  low  serum  concentrations  (0.5%  and  0.2%). 
{b)  The  Rsf-1  clones  demonstrate  a  higher  proliferative 
activity  than  the  vector  only  control,  as  evidenced  by  a 
time-dependent  increase  in  cell  number  at  low  (0.5%) 
serum-containing  medium,  (c)  Anchorage-independent 
assay  demonstrates  that  colonies  observed  in  the  Rsf-1 
clones  are  more  than  those  in  the  vector  only  control,  {d) 
Effects  of  Rsf-1  gene  knockdown.  Knockdown  of  Rsf-1 
significantly  reduces  cell  number  in  OVCAR3  cells  that 
harbor  Rsf-1  amplification  and  in  HeLa  cells  that  express 
Rsf-1 .  In  contrast,  Rsf-1  siRNA  has  only  a  minimal  effect 
on  cell  growth  in  OSE  cells  that  do  not  express  detectable 
Rsf-1 .  (e)  Rsf-1  targeting  siRNA  reduces  cell  proliferation 
as  measured  by  the  percentage  of  BrdUrd-positive  cells 
but  not  in  control  siRNA  or  in  nontreated  (mock  control) 
OVCAR3  cells.  The  percentage  of  apoptotic  cells  as  mea¬ 
sured  by  annexin  V  staining  is  similar  among  Rsf-1  siRNA, 
control  siRNA,  and  nontreated  OVCAR3  cells. 


ratio  test  were  0.025  for  FISH  assay  and  0.0013  for  real-time  PCR. 
These  results  further  indicated  that  Rsf-1  amplification  and  over¬ 
expression  were  significantly  correlated  with  poor  survival,  inde¬ 
pendent  of  the  cutoffs. 

In  this  study,  we  further  compared  the  statistical  significance  in 
correlating  gene  amplification  and  overexpression  with  overall 
survival  of  Rsf-1  gene  to  those  of  EMSY  gene.  For  gene  amplifi¬ 
cation,  Rsf-1  had  a  more  significant  P  value  than  that  of  EMSY 
(0.015  vs.  0.08).  Similarly,  for  gene  expression,  Rsf-1  expression  also 
had  a  more  significant  P  value  than  EMSY  expression  by  using  a  low 
stringent  cutoff  value  of  >l-fold  (0.037  vs.  0.153). 

Functional  Analyses  of  Rsf-1  Expression.  We  therefore  stably  ex¬ 
pressed  the  Rsf-1  gene  in  the  nonneoplastic  epithelial  cells,  RK3E, 
to  assess  whether  Rsf-1  expression  induced  transformation  (Sup¬ 
porting  Methods,  which  is  published  as  supporting  information  on 
the  PNAS  web  site).  RK3E  cells  have  been  used  to  evaluate  the 
oncogenic  potential  of  GLl,  c-Myc,  and  mutant  jS-catenin  and  were 
considered  as  an  appropriate  in  vitro  model  for  oncogenic  trans¬ 
formation  (14-16).  Using  quantitative  real-time  PCR,  we  found 
that  ovarian  serous  carcinomas  predominantly  expressed  the  full- 
length  form  of  the  Rsf-1  gene  (or  HBXAPa),  therefore  RK3E  cells 
were  transfected  with  a  vector  expressing  the  full-length  Rsf-1,  and 
three  independent  clones  were  randomly  selected  for  functional 
analyses.  Western  blot  analysis  confirmed  the  Rsf-1  expression  in 
these  clones  (Fig.  5a).  All  of  the  Rsf-l-expressing  clones  prolifer¬ 
ated  better  at  very  low  (0.2%  and  0.5%)  serum  concentrations  and 
showed  a  higher  proliferative  activity  than  control  RK3E  cells 
(transfected  with  vector  alone)  based  on  increased  cell  numbers 
(Fig.  5  a  and  b)  and  BrdUrd  incorporation  (data  not  shown). 
Rsf-l-expressing  clones  grew  anchorage  independently  as  more 
colonies  were  observed  in  Rsf-l-expressing  cells  than  in  control 
cells  (Fig.  5c).  All  of  the  above  differences  were  of  statistical 
significance  (P  <  0.001,  t  test). 

To  further  determine  whether  Rsf-1  expression  was  essential  for 


cell  survival  in  cell  lines  that  overexpress  Rsf-1,  we  used  RNA 
interference  to  knock  down  Rsf-1  expression  in  three  cell  lines, 
including  OVCAR3  cells  (with  Rsf-1  amplification  and  overexpres¬ 
sion),  HeLa  cells  (without  amplification  but  with  Rsf-1  expression), 
and  ovarian  surface  epithelial  (OSE;  without  Rsf-1  amplification  or 
expression)  cells.  The  effect  of  Rsf-1  siRNA  in  suppressing  Rsf-1 
expression  was  confirmed  by  quantitative  real-time  PCR  (Fig.  9, 
which  is  published  as  supporting  information  on  the  PNAS  web 
site).  Reduction  of  Rsf-1  expression  significantly  inhibited  cell 
growth  in  Rsf-l-expressing  cells,  including  OVCAR3  and  HeLa 
cells  (Fig.  5d,  P  <  0.001,  t  test),  with  a  more  prominent  inhibitory 
effect  in  Rsf-1  amplified  OVCAR3  cells.  In  contrast,  the  same 
treatment  did  not  affect  cell  growth  in  OSE  cells,  which  had 
minimal  Rsf-1  expression  (P  =  0.26,  t  test).  The  inhibition  of  cell 
growth  after  repressing  Rsf-1  expression  in  OVCAR3  was  likely  a 
result  of  growth  suppression  as  the  percentage  of  BrdUrd-labeled 
cells  was  significantly  decreased  in  Rsf-1  siRNA-treated  cells  as 
compared  with  control  siRNA-treated  OVCAR3  cells  (Fig.  5e,P< 
0.001).  In  contrast,  the  percentage  of  apoptotic  cells  as  measured  by 
annexin  V  staining  was  similar  between  the  Rsf-1  siRNA  and 
control  groups.  To  extend  the  findings  of  Rsf-1  gene  knockdown  in 
vitro,  we  transfected  OVCAR3  cells  with  Rsf-1  short  hairpin  RNA 
(shRNA)  before  injecting  the  cells  into  nude  mice  (Supporting 
Methods).  Western  blot  analysis  demonstrated  that  Rsf-1  expression 
was  substantially  reduced  in  Rsf-1  shRNA-transfected  OVCAR3 
cells  as  compared  with  the  control  shRNA-transfected  cells  (Fig.  10, 
which  is  published  as  supporting  information  on  the  PNAS  web 
site).  All  mice  injected  with  Rsf-1  shRNA-treated  OVCAR3  cells 
develop  much  smaller  intraabdominal  xenograft  tumors  than  the 
mice  carrying  control  (scramble)  shRNA-transfected  cells  (Fig.  10, 
P  <  0.001,  n  =  5). 

Discussion 

This  study  provides  cogent  evidence  that  amplification  of  Rsf-1 
within  the  llql3.5  minimal  amplicon  is  involved  in  ovarian 
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tumorigenesis  based  on  a  comprehensive  study  including  mo¬ 
lecular  genetics,  transcriptome  analysis,  clinical  correlation,  and 
functional  characterization.  Chromosome  llql3.5  amplification 
is  one  of  the  most  frequently  amplified  regions  in  human  tumors 
including  ovarian,  breast,  head,  and  neck  carcinomas.  The 
frequency  of  llql3.5  amplification  in  ovarian  carcinoma  de¬ 
tected  in  this  study  (13.2%)  is  similar  to  but  slightly  lower  than 
that  previously  reported  (17%)  (9).  This  result  is  likely  due  to 
more  stringent  criteria  used  for  FISH  analysis  in  the  current 
study.  For  example,  we  have  used  a  reference  probe  on  chro¬ 
mosome  llq  arm  instead  of  on  chromosome  11  centromere  to 
exclude  cases  that  belong  to  polysomy  or  large  segment  dupli¬ 
cation.  It  should  be  noted  that  EMSY  was  located  near  the 
minimal  amplicon  delineated  in  the  current  study.  EMSY  func¬ 
tions  as  a  BRAC2-interacting  gene  and  was  previously  thought 
of  as  a  candidate  oncogene  for  ovarian  cancers  (9).  However,  the 
oncogenic  property  of  EMSY  in  ovarian  tumor  was  not  dem¬ 
onstrated  in  that  study.  Furthermore,  our  findings  with  a  larger 
scale  of  ovarian  tumor  samples  did  not  demonstrate  a  significant 
correlation  of  EMSY  gene  amplification  and  mRNA  overex¬ 
pression,  a  finding  arguing  against  EMSY  as  the  “driver”  gene 
within  the  amplicon. 

Based  on  our  combined  genetic  and  expression  analyses,  we 
have  found  that  Rsf-1  is  consistently  overexpressed  in  all  of  the 
amplified  tumors  examined.  In  addition  to  Rsf-1,  several  other 
genes  close  to  Rsf-1,  including  CLNSIA,  ALG8,  and  GAB2, 
were  coup-regulated  in  a  subset  of  tumors  with  llql3.5  ampli¬ 
fication.  It  would  be  interesting  in  the  future  to  determine 
whether  cooverexpression  of  these  genes  would  further  provide 
growth  advantages  in  the  development  of  ovarian  cancer.  The 
association  of  Rsf-1  amplification/overexpression  with  worse 
survival  in  ovarian  cancer  patient  is  similar  to  oncogenes, 
including  HER2/neu  in  breast  cancer  (17,  18)  and  N-myc  in 
neuroblastoma  (19),  in  which  overexpression  of  both  oncogenes 
stimulates  cell  proliferation  and  confers  a  shorter  survival.  The 
mechanism  of  how  Rsf-1  amplification  contributes  to  shorter 
survival  is  not  known;  however,  because  the  mortality  of  ovarian 
cancer  patients  is  directly  related  to  the  recurrent  disease  after 
chemotherapy,  it  is  conceivable  that  Rsf-1  amplification  may 
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confer  drug  resistance  and/or  enhance  cell  proliferation  in  the 
chemoresistant  recurrent  tumors. 

Our  study  with  gene  overexpression  and  RNA  interference 
knockdown  has  established  an  important  functional  role  of  Rsf-1 
in  ovarian  cancer.  How  can  Rsf-1  contribute  to  tumor  progres¬ 
sion  at  the  molecular  level?  Recent  in  vitro  studies  have  indicated 
that  Rsf-1  plays  a  role  in  chromatin  remodeling  (12)  and 
transcriptional  regulation  (20,  21)  that  may  contribute  to  tumor¬ 
igenesis.  Rsf-1  has  been  shown  to  function  as  a  histone  chaper¬ 
one,  whereas  its  binding  partner,  hSNF2H,  possesses  nucleo- 
some-dependent  ATPase  activity.  The  Rsf-l/hSNF2H  complex 
(or  RSF  complex)  participates  in  chromatin  remodeling  by 
mobilizing  nucleosomes  in  response  to  a  variety  of  growth 
modifying  signals  and  environmental  cues.  Such  nucleosome 
remodeling  is  essential  for  transcriptional  activation  or  repres¬ 
sion  (22),  DNA  replication  (23),  and  cell  cycle  progression  (24). 
Recently,  a  growing  body  of  evidences  has  accumulated  to 
support  a  novel  role  of  chromatin  remodeling  in  cancer  (25,  26). 
For  example,  mutations  and  deletions  of  a  hSNF2H  homolog, 
Brgl,  were  found  in  different  tumor  types  (27),  and  furthermore, 
heterozygous  deletion  of  Brgl  in  mice  resulted  in  a  cancer-prone 
phenotype  (28,  29).  It  is  plausible  that  Rsf-1  gene  amplification 
and  overexpression  in  tumor  cells  could  disrupt  the  homeostatic 
kinetics  in  the  chromatin  remodeling  machinery  and  fine  tune 
gene  regulation  that  facilitates  tumorigenesis.  Because  the  cur¬ 
rent  study  identifies  and  characterizes  the  previously  unde¬ 
scribed  Rsf-1  gene  amplification  in  ovarian  cancer,  further 
studies  are  required  to  elucidate  the  etiological  roles  of  Rsf-1 
amplification  and  overexpression  in  chromatin  remodeling  and 
cancer  development. 
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This  study  was  undertaken  to  analyze  genetic  alter¬ 
ations  in  108  sporadic  serous  ovarian  neoplasms  to 
elucidate  ovarian  serous  carcinogenesis.  Our  results 
demonstrate  that  K-ras  mutations  occur  in  approxi¬ 
mately  50%  of  serous  borderline  tumors  (SBTs),  non- 
invasive  micropapillary  serous  carcinomas  (MPSCs), 
and  invasive  micropapillary  serous  carcinomas , 
which  represent  a  morphological  continuum  of  tu¬ 
mor  progression.  Moreover,  progressive  increase  in 
the  degree  of  allelic  imbalance  of  chromosomes  Ip, 
5q,  8p,  18q,  22q,  and  Xp  was  observed  comparing 
serous  borderline  tumors  to  noninvasive  and  invasive 
micropapillary  serous  carcinomas.  In  contrast,  high- 
grade  (conventional  serous  carcinoma)  tumors  con¬ 
tained  wild- type  K-ras  in  all  23  cases  studied  and  a 
high  frequency  of  allelic  imbalance  even  in  small 
(early)  primary  tumors  similar  to  that  found  in  ad¬ 
vanced  stage  tumors.  Based  on  these  findings,  we 
propose  a  dualistic  model  for  ovarian  serous  carcino¬ 
genesis.  One  pathway  involves  a  stepwise  progres¬ 
sion  from  SBT  to  noninvasive  and  then  invasive 
MPSC.  The  other  pathway  is  characterized  by  rapid 
progression  from  the  ovarian  surface  epithelium  or 
inclusion  cysts  to  a  conventional  (high-grade)  serous 
carcinoma.  (Am  J  Pathol  2002,  160:1223—1228) 

Serous  carcinoma  is  the  most  common  type  of  ovarian 
cancer  and  is  the  most  lethal  gynecologic  malignancy. 
Delineation  of  the  molecular  pathways  involved  In  the 
evolution  of  ovarian  serous  carcinoma  would  have  pro¬ 
found  impact  on  our  understanding  of  its  pathogenesis 
thereby  providing  a  rational  basis  for  the  development  of 
new  diagnostic  tests  and  therapeutic  strategies.  Despite 
considerable  efforts  aimed  at  elucidating  the  molecular 
mechanisms  of  ovarian  serous  carcinoma,  its  pathogen¬ 


esis  is  still  poorly  understood^  largely  because  of  the  lack 
of  an  established  model  for  its  development.  At  present, 
the  most  widely  held  view  Is  that  ovarian  serous  carci¬ 
noma  consists  of  a  relatively  homogeneous  group  of 
neoplasms  that  arise  directly  from  transformation  of  the 
ovarian  surface  epithelium  or  inclusion  cysts  through  a  de 
novo  process^,  since  definitive  precursor  lesions  have 
not  been  detected.  Our  recent  clinical  and  histopatholog- 
ical  studies  of  a  large  series  of  serous  neoplasms^"'’  have 
led  to  the  recognition  of  a  variant  of  serous  carcinoma, 
designated  “micropapillary  serous  carcinoma”  (MPSC) 
with  distinctive  histopathological  and  clinical  features. 
Most  MPSCs  are  noninvasive  and  are  frequently  associ¬ 
ated  with  serous  borderline  tumors  (SBTs)  also  referred 
to  as  atypical  proliferative  serous  tumors,  a  benign  form 
of  serous  neoplasms.^  Histological  transitions  from  SBTs 
to  noninvasive  MPSCs  can  be  observed  as  well  as  areas 
of  infiltrative  growth  (stromal  invasion)  immediately  adja¬ 
cent  to  the  MPSC  component  of  these  neoplasms  (Figure 
1A).  The  morphology  of  the  invasive  component  resem¬ 
bles  that  of  the  noninvasive  MPSC  and  can  also  be  seen 
In  frankly  Invasive  low-grade  serous  carcinomas.  We 
have  designated  such  tumors  as  invasive  MPSCs. ^  Thus, 
these  neoplasms  appear  to  represent  a  morphological 
spectrum  ranging  from  a  benign  proliferative  tumor  (SBT 
or  atypical  proliferative  serous  tumor)  through  a  noninva¬ 
sive  carcinoma  (noninvasive  MPSC)  to  a  low-grade  inva¬ 
sive  carcinoma  (invasive  MPSC).  Cur  preliminary  clinical 
data  indicate  that  MPSCs  (both  noninvasive  and  invasive) 
generally  pursue  an  indolent  course.  The  frequency  of 
MPSC  in  the  general  population  is  not  known,  but  data 
from  our  referral  material  and  a  population-based  study 
of  noninvasive  MPSCs®  suggest  that  the  prevalence  is 
around  20  to  25%  of  all  ovarian  serous  tumors.  In  contrast 
to  invasive  MPSCs,  conventional  serous  carcinomas 
present  as  high-grade,  aggressive  neoplasms  that 
evolve  rapidly  (Figure  1B).  The  aim  of  this  study  was  to 
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Figure  1.  A:  Morphological  features  of  the  different  ovarian  serous  neoplasms,  i: 
SBT  with  focal  transition  to  a  micropapillary  area  (  asterisk).  These  focal  micro- 
papillary  areas  are  not  infrequent  in  SBTs.  ii:  Noninvasive  MPSC  completely 
replaces  an  ovary.  The  tumor  is  characterized  by  broad  fibrotic  papillae  from 
which  numerous  long  delicate  micropapillary  projections  emanate,  iii:  Noninva¬ 
sive  MPSC  (in  the  upper  field)  with  an  area  of  early  invasion  (invasive  MPSC; 
right  lower  field  with  arrows),  iv:  Invasive  MPSC.  The  low-grade  nuclear 
features  in  the  invasive  carcinoma  are  the  same  as  in  the  noninvasive  counterpart. 
Original  magnification,  X250.  B:  Morphological  features  of  conventional  serous 
carcinoma,  i:  Small  (early)  conventional  serous  carcinoma.  The  tumor  measures 
0.7  cm  and  appears  to  arise  from  the  overlying  ovarian  surface  epithelium,  ii: 
Conventional  serous  carcinoma.  In  this  area  the  tumor  is  composed  of  solid 
masses,  iii:  Conventional  serous  carcinoma.  Spaces  within  the  masses  create  a 
pseudopapillary  structure  as  a  result  of  cellular  necrosis  and  processing  artifact. 
The  tumor  cells  contain  highly  atypical  nuclei.  Original  magnification,  X400. 


analyze  the  molecular  genetic  changes  including  K-ras 
mutation  and  allelic  status  of  different  chromosomes  in 
these  morphologically  distinct  ovarian  serous  neoplasms. 

There  are  a  variety  of  problems  associated  with  tradi¬ 
tional  mutational  analysis  and  determination  of  allelic  sta¬ 
tus  in  ovarian  serous  tumors.  These  include  abundant 
stromal  contamination  in  tumors  which  can  obscure  tu¬ 
mor-associated  genetic  changes  (Figure  1A),  artifactual 
enrichment  for  one  allele  due  to  limited  amounts  of  DNA 
purified  from  microdissected  lesions,  and  DNA  degrada¬ 
tion  of  the  larger  microsatellite  alleles  which  can  con¬ 
found  the  analysis  of  allelic  status  when  microsatellite 
markers  and  paraffin  tissue  are  used.^  To  overcome 
these  problems,  we  used  a  newly  developed  technique 
termed  digital  polymerase  chain  reaction  (PCR)  analysis, 
in  which  alleles  (wild-type/mutant  alleles  or  maternal/pa¬ 
ternal  alleles)  are  directly  and  precisely  counted,  one  by 
one.®“”  A  rigorous  statistical  method  is  then  used  to 
conclude  whether  mutation  or  allelic  imbalance  is  present 
in  the  background  of  normal  DNA.®“” 

Materials  and  Methods 

Tissues  and  Tumor  DNA  Samples 

Formalin-fixed,  paraffin-embedded  tissue  samples  of  108 
ovarian  serous  tumors  were  used  for  molecular  genetic 
analysis.  These  cases  were  randomly  retrieved  from  the 
surgical  pathology  files  of  The  Johns  Hopkins  Hospital, 
Baltimore,  Maryland  and  the  consultation  files  of  one  of 
the  authors  (R.J.K.).  All  of  the  cases  were  re-reviewed  by 


three  gynecological  pathologists  who  concurred  with  the 
diagnoses  before  microdissection.  We  did  not  identify 
“well  differentiated”  non-MPSC  among  the  serous  carci¬ 
nomas  in  this  study.  So  called  “moderately  differentiated” 
serous  carcinomas  showed  high-grade  nuclear  features 
and  were  included  with  “poorly  differentiated”  carcino¬ 
mas  as  conventional  serous  carcinomas.  The  specimens 
included  24  SBTs  (5  stage  I,  8  stage  II,  and  11  stage  III), 
39  noninvasive  MPSCs  (16  stage  I,  8  stage  II,  and  15 
stage  III),  22  invasive  MPSCs  (1  stage  I,  1  stage  II,  19 
stage  III,  and  1  stage  IV)  and  23  conventional  high-grade 
serous  carcinomas  (1  stage  I,  2  stage  11,16  stage  III,  and 
4  stage  IV).  The  tumor  areas  and  adjacent  normal  tissues 
were  microdissected  under  an  inverted  microscope  with 
the  contamination  from  non-neoplastic  cells  estimated  at 
20  to  50%  in  the  microdissected  tumor  component.  DNA 
was  purified  and  analyzed  for  mutational  status  of  K-ras 
gene  and  allelic  imbalance  using  digital  PCR-based 
techniques. 

Digital  Single  Nucleotide  Polymorphism  Analysis 
for  Allelic  Imbalance 

We  used  digital  single  nucleotide  polymorphism  (SNP) 
analysis  to  assess  allelic  status  in  tumors  since  this  new 
method  provides  a  reliable  and  quantitative  measure  of 
the  proportion  of  variant  sequences  within  a  mixed  DNA 
sample  as  always  occurs  in  serous  tumors.  To  perform 
digital  SNP  analysis,  SNP  markers  on  the  chromosomes 
Ip,  5q,  8p,  18q,  22q  and  Xp  were  retrieved  from  the 
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Table  1.  Analysis  of  K-Ras  Mutations  and  Allelic  Imbalance  in  Serous  Ovarian  Neoplasms 


Chromosome 


Histological  pattern 

K-ras 

1P 

5q 

8p 

18q 

22q 

Xp 

SBTs  {n  =  24) 

MPSCs  (n  =  39) 

Invasive  MPSCs  (n  =  22) 
CSCs  {n  =  23) 

12/24  (50) 
14/39  (36) 
12/22  (54) 
0/23  (0) 

1/22  (4) 
5/38(13)+ 
11/20  (55)+ 
15/21  (71) 

4/24(17)* 
21/38  (55)* 
11/17  (65) 
20/23  (87) 

2/19(10) 
10/37  (27) 
8/21  (38) 
18/22  (81) 

7/24  (29) 
17/39  (44) 
8/19(42) 
14/22  (64) 

9/20  (45) 
15/30  (50) 
10/16  (62) 
13/19  (68) 

9/15(60) 
14/27  (52) 
10/17(59) 
7/16(43) 

The  frequency  of  K-ras  mutations  (%)  and  allelic  imbalance  (%)  in  SBTs,  noninvasive  MPSCs,  invasive  MPSCs,  and  CSCs  are  shown. 
*,  Differences  with  statistical  significance  (*,  P  <  0.02  and  P  <  0.01 ;  Students  f  test  and  Mann-Whitney  Rank-Sum  test). 


National  Cancer  Institute  SNP  map  (http://lpg.nci.nih.gov/ 
html-snp/imagemaps.html).  These  chromosomal  arms 
were  selected  based  on  their  frequent  losses  in  serous 
carcinomas  as  previously  reported. SNP  markers 
within  a  10  cent! Morgan  interval  were  selected  from  each 
chromosomal  arm.  Using  these  markers,  we  were  able  to 
find  at  least  one  heterozygous  SNP  for  each  chromo¬ 
somal  arm  in  most  specimens  studied. 

Digital  SNP  analysis  was  performed  as  previously  de¬ 
scribed®"”  with  modification.  In  brief,  DNA  concentra¬ 
tions  in  the  samples  were  first  measured  by  the  Pi- 
coGreen  dsDNA  quantitation  kit  (Molecular  Probes, 
Eugene,  OR)  following  the  manufacturer’s  instructions  to 
determine  the  amount  of  DNA  to  be  included.  DNA  sam¬ 
ples  were  diluted  and  distributed  in  the  wells  of  a  384-well 
plate  at  approximately  one  genomic  equivalent  per  two 
wells.  In  addition  to  all  essential  PCR  reagents,  the  PCR 
cocktail  contained  a  pair  of  molecular  beacons  (Gene 
Link,  Thornwood,  NY)  along  with  an  excess  of  reverse 
primer  that  allowed  the  generation  of  single-stranded 
DNA  complementary  to  the  molecular  beacons.  PCR  was 
performed  in  a  single  step  using  the  following  protocol: 
94°C  (1  minute);  4  cycles  of  94°C  (15  seconds),  64°C  (15 
seconds),  70°C  (15  seconds);  4  cycles  of  94°C  (15  sec¬ 
onds),  61°C  (15  seconds),  70°C  (15  seconds);  4  cycles  of 
94°C  (15  seconds),  58°C  (15  seconds),  70°C  (15  sec¬ 
onds);  60  cycles  of  94°C  (15  seconds),  55°C  (15  sec¬ 
onds),  70°C  (15  seconds);  94°C  (1  minute)  and  60°C  (5 
minutes).  The  fluorescence  intensity  in  each  well  was 
then  measured  in  a  Galaxy  FLUOstar  fluorometer  (BMG 
Lab  Technologies,  Durham,  NC)  and  the  number  of  spe¬ 
cific  alleles  in  each  sample  was  directly  determined  from 
the  fluorescence  measurements. 

Digital  PCR  Analysis  for  K-ras  Mutations 

K-ras  mutations  at  codon  12  and  13  were  analyzed  using 
digital  PCR  and  molecular  beacons  as  described  in  pre¬ 
vious  reports.®'^® 

Statistical  Analysis 

To  determine  whether  there  was  statistical  significance 
for  allelic  imbalance,  we  used  the  Sequential  Probability 
Ratio  test.®'^°  An  allelic  imbalance  index  was  determined 
for  each  tumor  as  the  number  of  chromosomal  arms  with 
allelic  imbalance  divided  by  the  total  number  of  chromo¬ 
somal  arms  with  informative  markers.  Differences  be¬ 
tween  the  allelic  imbalance  index  in  different  groups  and 


the  percentage  of  allelic  imbalance  in  individual  chromo¬ 
somal  arms  in  different  groups  were  tested  using  the 
Student’s  f-test  and  the  Mann-Whitney  rank-sum  test  as 
appropriate.  The  correlation  between  tumor  size  in  differ¬ 
ent  groups  and  allelic  imbalance  index  was  assessed 
using  Spearman’s  rank-order  correlation. 

Results 

K-ras  mutations  in  codon  12  or  13  were  found  in  50%  of 
SBTs,  36%  of  noninvasive,  and  54%  of  invasive  MPSCs 
(Table  1).  In  contrast,  K-ras  mutations  were  not  found  in 
any  of  the  23  conventional  (high-grade)  serous  carcino¬ 
mas  examined. 

Comparing  SBTs  to  noninvasive  and  invasive  MPSCs 
(Table  1  and  Figure  2),  revealed  an  increased  allelic 
imbalance  index  in  the  progression  from  SBT  to  noninva¬ 
sive  MPSC  (P  <0.01)  and  to  invasive  MPSC  (P  <0.02).  In 
particular,  allelic  imbalance  of  chromosome  5q  was  more 
frequently  observed  in  noninvasive  MPSCs  compared  to 
SBTs  (P  <0.02)  and  allelic  imbalance  of  chromosome  1  p 
was  more  frequently  found  in  invasive  MPSCs  compared 
to  noninvasive  MPSCs  (P  <0.01).  Identical  allelic  imbal¬ 
ance  patterns  and  K-ras  mutations  were  found  in  the 
areas  of  SBT  and  noninvasive  MPSC,  or  in  the  areas  of 


Figure  2.  Summary  of  the  results  of  allelic  status  in  ovarian  serous  tumors. 
Each  panel  represents  a  group  of  serous  tumors:  SBT,  noninvasive  MPSC, 
invasive  MPSC,  and  conventional  serous  carcinoma.  Chromosomal  arms  in 
which  the  SNP  markers  are  located  are  indicated  on  the  left  of  each  panel. 
In  the  vertical  columns,  each  column  represents  one  case.  Black  squares 
represent  chromosomal  arms  in  which  allelic  imbalance  is  identified  based 
on  the  digital  SNP  analysis,  while  gray  squares  represent  chromosomal  arms 
in  which  both  alleles  were  in  balance.  Blank  squares  indicate  chromosomal 
arms  that  cannot  be  evaluated  because  the  allelic  ratio  in  the  SPRT  analysis 
does  not  achieve  a  statistical  significant  difference  or  because  all  SNP  markers 
tested  are  uninformative  in  the  normal  tissue.  The  very  small  conventional 
serous  carcinomas  (maximal  dimension  0.6  and  0.7  cm)  are  marked  with 
asterisks. 
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Table  2.  K-ras  Mutational  Status  and  Allelic  Imbalance  in  Bilateral  Noninvasive  and  Invasive  MPSCs 


Case  no. 

1R 

1L 

2R 

2L 

3R 

3L 

4R 

4L 

5R 

5L 

6R 

6L 

7R 

7L 

8R 

8L 

K-ras  status  (codon 

wt 

GOT 

GAT 

TGC 

wt 

GAT 

TGT 

wt 

wt 

wt 

AGC 

GAT 

wt 

wt 

wt 

wt 

with  mutation) 

(12) 

(12) 

(13) 

(12) 

(12) 

(13) 

(12) 

Allelic  imbalance 

5q 

5q 

1P 

8p 

5q 

5q 

5q 

5q 

22q 

Xp 

5q 

5q 

22q 

18q 

Ip 

5q 

18q 

18q 

5q 

18q 

8p 

18q 

18q 

18q 

Xp 

22q 

18q 

Xp 

5q 

8p 

Xp 

22q 

18q 

Xp 

18q 

22q 

Xp 

Xp 

Case  no. 

9R 

9L 

10R 

10L 

11R 

11L 

12R 

12L 

13R 

13L 

14R 

14L 

15R 

15L 

16R 

16L 

K-ras  status 

wt 

wt 

TGT 

wt 

AGO 

wt 

GAG 

wt 

GAC 

GAC 

wt 

GAC 

wt 

wt 

wt 

wt 

(12) 

(13) 

(13) 

(13) 

(13) 

(13) 

Allelic  imbalance 

No 

8p 

1P 

18q 

5q 

5q 

5q 

5q 

1P 

1P 

1P 

1P 

22q 

5q 

5q 

5q 

22q 

8p 

22q 

18q 

8p 

18q 

8p 

Xp 

Xp 

8p 

Xp 

22q 

18q 

22q 

22q 

Xp 

22q 

22q 

22q 

18q 

22q 

Xp 

22q 

Xp 

Xp 

22q 

Xp 

Corresponding  case  numbers  indicate  the  same  patients.  Noninvasive  MPSCs  are  the  cases  1  to  11,  invasive  MPSCs  are  the  cases  12  to  16.  R, 
right;  L,  ieft;  no,  no  aileiic  imbaianoe. 


noninvasive  and  invasive  MPSC  in  the  34  tumors  contain¬ 
ing  two  components  representing  stages  in  progression 
(SBTs  and  noninvasive  MPSCs  or  noninvasive  and  inva¬ 
sive  MPSCs).  There  was  no  correlation  between  the  allelic 
imbalance  index  and  the  size  of  the  tumors  in  the  different 
groups.  Conventional  serous  carcinomas  showed  a  high 
level  of  allelic  imbalance  in  almost  all  of  the  investigated 
tumors  irrespective  of  their  size  (Figure  2). 

Sixteen  patients  with  noninvasive  MPSCs  (cases  1  to 
1 1 )  and  invasive  MPSCs  (cases  1 2  to  16)  presented  with 
tumors  in  both  ovaries.  These  bilateral  tumors  were  of 
similar  size  and  had  a  similar  gross  and  microscopic 
appearance.  Comparison  of  the  tumors  involving  both 
ovaries  in  these  patients  revealed  that  15  (94%)  of  16  had 
a  discordant  pattern  of  K-ras  mutation  or  allelic  imbal¬ 
ance  (Table  2). 


Discussion 

By  stratifying  ovarian  serous  carcinomas  into  two  his- 
topathologically  distinct  groups,  a  low-grade  carcinoma 
designated  invasive  micropapillary  serous  carcinoma 
with  its  putative  precursors  (SBT  and  noninvasive  MPSC), 
and  a  high-grade  carcinoma  (conventional  serous  carci¬ 
noma),  we  were  able  to  demonstrate  that  these  neo¬ 
plasms  displayed  very  different  and  characteristic  mo¬ 
lecular  genetic  alterations. 

First,  K-ras  mutations  were  found  in  nearly  half  of  the 
invasive  MPSCs  and  their  putative  precursors,  but  not  in 
conventional  serous  carcinoma,  suggesting  that  aberra¬ 
tion  in  the  K-ras  signaling  pathway  may  play  an  important 
role  in  the  development  of  invasive  MPSC.  Previous  stud¬ 
ies  of  K-ras  mutations  in  SBTs  and  ovarian  serous  carci¬ 
nomas  have  differed  in  their  findings  and  interpretation. 
Some  have  detected  K-ras  mutations  in  SBTs  but  not  in 
carcinoma  and  concluded  that  they  are  unrelated"'^ 
whereas  others  have  detected  them  in  nearly  40%  of 
SBTs  and  30%  of  serous  carcinomas  and  concluded  that 


SBTs  may  be  precursors  of  serous  carcinoma.^®  Since 
MPSC  (noninvasive  and  invasive)  was  not  recognized  as 
a  distinct  entity  in  these  studies,  their  results  cannot  be 
directly  compared  to  ours.  Second,  we  found  that  the 
allelic  imbalance  index  gradually  increased  from  SBTs  to 
noninvasive  and  then  to  invasive  MPSCs.  In  contrast,  all 
conventional  serous  carcinomas  including  the  very  earli¬ 
est  (tumors  less  than  0.8  cm  confined  to  one  ovary) 
showed  high  levels  of  allelic  imbalance.  Since  the  alter¬ 
ations  on  chromosomes  5q  and  Ip  were  not  exclusively 
observed  in  noninvasive  and  invasive  MPSCs,  respec¬ 
tively,  and  can  rarely  be  demonstrated  in  SBTs,  it  is  likely 
that  critical  genetic  alterations  may  precede  the  morpho¬ 
logical  changes.  This  view  is  further  supported  by  the 
identical  allelic  imbalance  patterns  and  K-ras  mutations 
in  the  tumors  containing  different  morphological  stages  of 
progression  (SBTs  and  noninvasive  MPSC  or  noninvasive 
and  invasive  MPSC).  Third,  our  findings  that  nearly  95% 
of  bilateral  ovarian  MPSCs  have  discordant  patterns  of 
K-ras  mutation  or  allelic  imbalance  suggest  that  they 
develop  independently,  although  divergent  progression 
from  the  same  early  neoplastic  lesion  cannot  be  entirely 
excluded.  This  contrasts  with  conventional  serous  carci¬ 
nomas  in  which  bilateral  tumors  have  been  reported  to  be 
monoclonal  in  most  cases."'® 

Clear-cut  morphologically  recognizable  precursor  le¬ 
sions  of  conventional  serous  carcinomas  are  rarely  ob¬ 
served.  In  our  study,  conventional  serous  carcinomas 
(including  two  tumors  measuring  0.6  and  0.7  cm), 
showed  massive,  clonal  allelic  imbalance  among  the  dif¬ 
ferent  chromosomal  arms  (Figure  2).  This  finding  together 
with  the  morphological  observations  that  early  conven¬ 
tional  serous  carcinomas  are  high-grade"'®  underlies  the 
notion  that  they  arise  “de  novo."  It  must  be  acknowl¬ 
edged,  however,  that  the  absence  of  morphologically 
established  intermediate  steps  may  be  due  to  a  higher 
rate  of  cellular  proliferation  resulting  in  rapid  evolution  to 
conventional  serous  carcinoma,  obscuring  discrete  mor- 
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Figure  3-  Schematic  representation  of  the  dualistic  model  depicting  the 
development  of  ovarian  serous  carcinomas,  the  most  common  type  of  ovar¬ 
ian  cancer.  In  one  pathway  invasive  MPSC  develops  in  a  stepwise  fashion 
from  a  SBT  through  a  noninvasive  stage  of  MPSC  before  becoming  invasive. 
These  tumors  are  associated  with  frequent  K-ras  mutations.  Increased  allelic 
imbalance  of  chromosome  5q  is  associated  with  the  progression  from  SBT  to 
MPSC  and  increased  allelic  imbalance  of  chromosome  Ip  with  the  progres¬ 
sion  from  noninvasive  to  invasive  MPSC,  In  the  second  pathway,  conven¬ 
tional  serous  carcinoma,  a  high-grade  neoplasm,  exhibits  a  solid  and/or 
pseudopapillary  morphology  and  develops  from  the  ovarian  surface  epithe¬ 
lium  without  morphologically  recognizable  intermediate  stages.  K-ras  muta¬ 
tions  have  not  been  found  in  all  these  neoplasms  tested. 


phological  intermediate  stages.  This  is  supported  by  a 
substantially  higher  Ki-67  nuclear  labeling  (proliferative) 
index  in  early  conventional  serous  carcinoma  as  com¬ 
pared  with  SBT,  noninvasive  and  invasive  MPSC,^°  (and 
our  unpublished  data).  Thus,  the  rapid  progression  of 
conventional  serous  carcinoma  suggests  that  a  profound 
loss  of  cell  cycle  regulation  occurs  very  early  in  its  de¬ 
velopment.  This  interpretation  is  supported  by  the  finding 
of  p53  mutations  in  small  conventional  serous  carcino¬ 
mas  confined  to  the  ovary  and  in  adjacent  “dysplastic” 
epithelium. In  contrast,  p53  mutations  have  as  yet  not 
been  detected  in  MPSC."^  However,  it  should  be  noted 
that  a  comprehensive  analysis  of  the  pathogenesis  of 
conventional  serous  carcinoma  will  require  a  large  collab¬ 
orative  study  since  early  tumors  are  rarely  encountered. 

In  summary,  the  molecular  findings  in  this  study  in 
conjunction  with  morphological  data  support  the  stratifi¬ 
cation  of  ovarian  serous  carcinomas  into  two  distinct 
groups  with  two  different  pathways  of  tumorigenesis  (Fig¬ 
ure  3).  In  one  pathway,  a  low-grade  carcinoma  (invasive 
MPSC)  develops  in  a  stepwise  fashion  from  a  SBT  (atyp¬ 
ical  proliferative  serous  tumor)  and  then  a  noninvasive 
MPSC.  This  tumor  and  its  precursors  exhibit  frequent 
K-ras  mutations.  As  the  precursors  evolve  into  invasive 
MPSC  they  gradually  acquire  more  genetic  abnormali¬ 
ties.  In  the  second  pathway,  a  high-grade  carcinoma 
(conventional  serous  carcinoma)  develops  by  transfor¬ 
mation  from  the  ovarian  surface  epithelium  or  inclusion 
cysts  without  morphologically  recognizable  intermediate 
stages.  These  tumors,  even  early  in  their  development, 
demonstrate  wild-type  K-ras  and  frequent  allelic  imbal¬ 


ance.  This  proposed  dualistic  model  Is  the  first  step  in  an 
attempt  to  elucidate  the  pathogenesis  of  serous  ovarian 
carcinoma,  but  should  not  be  construed  as  Implying  that 
other  pathways  of  tumorigenesis  do  not  exist.  Future 
studies  focusing  on  gene  expression  profiles  and  the 
early  molecular  genetic  alterations  of  these  two  types  of 
serous  carcinomas  will  be  necessary  to  further  elucidate 
the  molecular  pathogenesis  of  ovarian  serous  carcinoma. 
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Abstract 

Gene  amplification  is  one  of  the  common  mechanisms  that 
activate  oncogenes.  In  this  study,  we  used  single  nucleotide 
polymorphism  array  to  analyze  genome-wide  DNA  copy 
number  alterations  in  31  high-grade  ovarian  serous  carcino¬ 
mas,  the  most  lethal  gynecologic  neoplastic  disease  in  women. 
We  identified  an  amplicon  at  19pl3.12  in  6  of  31  (19.5%) 
ovarian  high-grade  serous  carcinomas.  This  amplification  was 
validated  by  digital  karyotyping,  quantitative  real-time  PCR, 
and  dual-color  fluorescence  in  situ  hybridization  (FISH) 
analysis.  Comprehensive  mRNA  expression  analysis  of  all  34 
genes  within  the  minimal  amplicon  identified  NotchS  as  the 
gene  that  showed  most  significant  overexpression  in  amplified 
tumors  compared  with  nonamplified  tumors.  Furthermore, 
NotchS  DNA  copy  number  is  positively  correlated  with  Notch3 
protein  expression  based  on  parallel  immunohistochemistry 
and  FISH  studies  in  111  high-grade  tumors.  Inactivation  of 
Notch3  by  both  y-secretase  inhibitor  and  Notch3-specific 
small  interfering  BNA  suppressed  cell  proliferation  and 
induced  apoptosis  in  the  cell  lines  that  overexpressed  Notch3 
but  not  in  those  with  minimal  amount  of  Notch3  expression. 
These  results  indicate  that  Notch3  is  required  for  proliferation 
and  survival  of  Aotc/i3 -amplified  tumors  and  inactivation  of 
Notch3  can  be  a  potential  therapeutic  approach  for  ovarian 
carcinomas.  (Cancer  Res  2006;  66(12):  6312-8) 

Introduction 

Gene  amplification  is  one  of  the  key  mechanisms  in  activating 
oncogenes  in  human  cancer  (1).  Ovarian  cancer  is  the  most 
malignant  gynecologic  neoplasm.  Each  year,  ~  16,000  women  will 
succumb  to  this  disease.  In  ovarian  carcinomas,  amplifications  of 
cyclin  El  (2),  Her2/neu  (3),  AKT2  (4),  L-Myc  (5),  and  Rsf-1  (6)  have 
been  reported.  Because  these  amplifications  occur  only  in  a  subset 
of  tumors,  it  is  expected  that  additional  oncogenic  amplifications 
will  be  identified.  Recent  developments  of  molecular  genetic 
techniques  that  allow  a  genome-wide  exploration  of  DNA  copy 
number  in  cancer  have  provided  investigators  unprecedented 
opportunities  to  analyze  cancer  genome  in  great  details.  For 
example,  single  nucleotide  polymorphism  (SNP)  array  has  been 
recently  shown  as  an  effective  tool  in  discovering  amplified 
chromosomal  regions  (7,  8).  In  the  current  study,  we  did  SNP 
array  analysis  on  31  high-grade  ovarian  serous  carcinomas  purified 
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from  fresh  clinical  samples  and  identified  a  chromosomal  region  at 
19pl3.12  that  is  frequently  amplified.  One  of  the  genes  within  this 
amplicon,  NotchS,  showed  the  most  significant  correlation  between 
gene  copy  numbers  and  transcript  expression  in  ovarian  cancer, 
suggesting  that  NotchS  is  a  candidate  oncogene  in  the  chrl9pl3.12 
amplicon. 

Materials  and  Methods 

Tumor  specimens.  For  SNP  arrays,  tissue  samples,  including  31  high- 
grade  and  7  low-grade  ovarian  serous  carcinomas,  were  obtained  from  the 
department  of  pathology  at  the  Johns  Hopkins  Hospital  and  the  Norwegian 
Radium  Hospital  in  Norway.  Tumor  cells  were  affinity  purified  by  anti- 
EPCAM-conjugated  beads.  In  addition,  genomic  DNA  from  13  normal 
ovarian  tissues  was  prepared  for  controls.  For  quantitative  reverse 
transcription-PCR  (RT-PCR),  89  frozen  tumor  tissues  were  used  to  extract 
RNA,  and  nine  normal  ovarian  tissues  were  also  included  as  controls. 
Acquisition  of  tissue  specimens  and  chnical  information  was  approved  by 
an  institutional  review  board  (Johns  Hopkins  University)  or  by  the  Regional 
Ethics  Committee  (Norway). 

SNP  array.  SNPs  were  genotyped  using  lOK  arrays  (Affymetrbc,  Santa 
Clara,  CA)  in  the  Microarray  Core  Facihty  at  the  Dana-Farber  Cancer 
Institute  (Boston,  MA).  A  detailed  protocol  is  available  at  the  Core  center 
web  page."^  Briefly,  genomic  DNA  was  cleaved  with  the  restriction  enzyme, 
Xbal,  ligated  with  linkers,  followed  by  PCR  amplification.  The  PCR  products 
were  purified  and  then  digested  with  DNasel  to  a  size  ranging  from  250  to 
2,000  bp.  Fragmented  PCR  products  were  then  labeled  with  biotin  and 
hybridized  to  the  array.  Arrays  were  then  washed  on  the  Affymetrix  fluidics 
stations.  The  bound  DNA  was  then  fluorescently  labeled  using  streptavidin- 
phycoerythrin  conjugates  and  scanned  using  the  Gene  Chip  Scanner  3000. 

dChip  software  version  1.3  was  used  to  analyze  the  SNP  array  data  as 
described  previously  (7,  8).  Data  was  normalized  to  a  baseline  array  with 
median  signal  intensity  at  the  probe  intensity  level  using  the  invariant  set 
normahzation  method.  A  model-based  (PM/MM)  method  was  used  to 
obtain  the  signal  values  for  each  SNP  in  each  array.  Signal  values  for  each 
SNP  were  compared  with  the  average  intensities  from  13  normal  samples. 
To  infer  the  DNA  copy  number  from  the  raw  signal  data,  we  used  the 
Hidden-Markov  model  (7)  based  on  the  assumption  of  diploidy  for  normal 
samples.  Mapping  information  of  SNP  locations  and  cytogenetic  band  were 
based  on  curation  of  Affymetrix  and  University  of  California  Santa  Cruz 
hgl5.  A  cutoff  of  >2.8  copies  in  more  than  three  consecutive  SNPs  was 
defined  as  amplification. 

Digital  karyotyping.  Purified  carcinoma  cells  as  described  in  the  SNP 
array  method  were  used  to  generate  digital  karyotyping  library  as  previously 
described  (9).  Approximate  120,000  genomic  tags  were  obtained  for  each 
digital  karyotyping  library.  After  removing  the  nucleotide  repeats  in  human 
genome,  the  average  of  filtered  tags  was  66,000  for  each  library.  We  set  up  a 
window  size  of  300  (300  virtual  tags)  for  the  analysis  in  this  study.  Based  on 
Monte  Carlo  simulation,  the  variables  used  in  this  study  can  reliably  detect 
>0.6  Mb  amplicon  with  >5-fold  amplification  with  >99%  sensitivity  and  100% 
positive  predictive  value. 


^  http://chip.dfci.harvard.edu/lab/services.php. 
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Figure  1.  Identification  of  chr19p13.12  amplification  in  high-grade  ovarian  serous  carcinomas.  A,  SNP  array  analysis  shows  several  distinct  amplicons  on  chromosome 
19  (top  to  bottom,  p  to  q  arm)  including  the  cyclin  E1  and  AKT2  loci  and  a  novel  amplicon  at  chr19p13.12  {bracket).  An  increase  in  DNA  copy  number  is  indicated 
by  a  gradient  in  color  with  0  copy  in  white  and  five  or  more  copies  in  red.  Each  column  represents  an  individual  tumor  sample.  B,  quantitative  real-time  PCR  on  genomic 
DNA  validates  the  amplification  on  the  six  tumors  with  chr19p13.12  amplification  identified  by  the  SNP  array  analysis.  C,  comparison  of  DNA  copy  number  using 
SNP  array  and  digital  karyotyping  on  chromosome  19.  The  data  of  SNP  array  is  compared  with  that  of  digital  karyotyping  analysis  on  two  representative  specimens. 
Left,  tumor  2,  which  contains  a  high  copy  number  amplification  at  chr19p13.12.  Right,  tumor  1,  which  contains  a  low  copy  number  gain  at  chr19p13.12.  Both  SNP 
array  and  digital  karyotyping  analyses  show  a  similar  pattern  of  DNA  copy  number  alterations. 


Fluorescence  in  situ  hybridization  and  quantitative  real-time  PCR. 

BAC  clones  {RP11-937H1  and  RP11-319O10)  containing  the  genomic 
sequences  of  the  19pl3.12  amphcon  at  15.00  to  15.25  Mb  were  purchased 
from  Bacpac  Resources  (Children’s  Hospital,  Oakland,  CA).  BAC  clone 
(RP11-752A21),  located  at  19ql3.42  (59.26-59.46  Mb),  was  used  to  generate 
the  reference  probe.  The  method  for  fluorescence  in  situ  hybridization 
(FISH)  has  been  detailed  in  a  previous  report  (6). 

Relative  gene  expression  and  genomic  amplification  levels  were  measured 
by  quantitative  real-time  PCR  using  methods  previously  described  (9,  10). 
PCR  primers  were  designed  using  the  Primer  3  program  and  the  nucleo¬ 
tide  sequences  of  the  primers  for  determining  transcript  expression  were 
hsted  in  Supplementary  Table  SI.  The  primer  sequences  to  determine  the 
19pl3.12  genomic  amplification  were  5'-GCCTGTGGCTGAAAATTAAGG-3' 
and  5'-TCAATGTCCACCTCGCAATAG-3'. 

Immunohistochemistry.  A  rabbit  polyclonal  anti-Notch3  antibody  was 
purchased  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA)  and  was  used  in 
the  immunohistochemistry.  An  EnVision-i-System  peroxidase  kit  (DAKO, 
Carpinteria,  CA)  was  used  for  staining  following  the  protocol  provided  by 
the  manufacturer.  Tissue  microarrays  (triplicate  1.5  mm  cores  from  each 
specimen)  including  111  high-grade  serous  carcinomas  and  10  normal 
ovaries  were  used  to  facilitate  immunohistochemistry.  Immunointensity 
was  scored  as  negative  (0),  negligible  (l-i-),  moderate  (2-i-),  and  intense  (3-i-), 
and  two  investigators  independently  scored  all  the  samples.  For  discordant 
cases,  a  third  investigator  scored  and  the  final  intensity  score  was 
determined  by  the  majority  scores. 

Cell  proliferation  and  apoptosis  assays.  Cells  were  grown  in  96-well 
plates  at  a  density  of  4,000  per  well.  Type  1  y-secretase  inhibitor  was 
purchased  from  Calbiochem  (San  Diego,  CA)  and  was  dissolved  in  DMSO 


as  4  mmol/L  stock  solution.  Cells  were  treated  with  y-secretase  inhibitor 
with  DMSO  final  concentration  <0.1%.  Notch3-specific  small  interfering 
RNA  (siRNA)  (rGrUrCrArArUrGrUrUrCrArCrUrUrCrGrCrArGrUrU  and 
rGrCrGrUrGrGrArUrUrCrGrGrArCrCrArGrUrCrUrGrArGrArGrGrG)  and 
control  siRNA  that  targets  the  Luciferase  gene  (rGrArUrUrArArArUrCrUr- 
UrCrUrArGrCrGrArCrUrGrCrllrUrCrGrC)  were  synthesized  by  Integrated 
DNA  Technologies  (Coralville,  lA).  Cells  were  treated  with  siRNA  at  a  final 
concentration  of  200  nmol/L. 

Cell  number  was  measured  by  the  fluorescence  intensity  of  SYBR  green 
I  nucleic  acid  gel  stain  (Molecular  Probes,  Eugene,  OR)  using  a 
fluorescence  microplate  reader  (Fluostar  from  BMG,  Durham,  NC).  Data 
was  determined  from  five  replicates  and  was  e^qjressed  as  the  percentage 
of  the  inhibitor  or  Notch3  siRNA-treated  cells  versus  DMSO  or  control 
siRNA-treated  cells.  BrdUrd  uptake  and  staining  were  done  using  a  cell 
proliferation  kit  (Amersham,  Buckinghamshire,  England,  United  Kingdom) 
and  apoptotic  cells  were  detected  using  an  Annexin  V  staining  kit 
(BioVision,  Mountain  View,  CA).  The  percentage  of  BrdUrd-positive  and 
Annexin  V-positive  cells  was  determined  by  counting  —400  cells  from 
each  well  in  96-weU  plates.  The  data  was  expressed  as  mean  ±  1  SD  from 
triplicates. 

Results  and  Discussion 

Amplification  of  chromosome  19  in  ovarian  serous  carci¬ 
nomas.  SNP  arrays  were  used  to  search  for  genome-wide  DNA 
copy  number  alterations  in  31  high-grade  and  7  low-grade  ovarian 
serous  carcinomas.  In  addition,  13  normal  ovarian  tissues  were 
analyzed  as  controls.  We  found  several  distinct  amplifications  on 
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chromosome  19  specific  to  high-grade  serous  carcinomas.  Among 
them,  amplification  of  the  cyclin  El  locus  was  present  in  10  of  31 
(32.2%)  samples  and  amplification  of  AKT2  locus  in  9  of  31  (29%) 
samples.  Both  cyclin  El  and  AKT2  have  been  previously  reported  as 
potential  oncogenes  that  are  frequently  amplified  in  ovarian 
cancer.  More  importantly,  a  novel  amplification  on  chrl9pl3.12 
was  identified  in  6  of  31  (19.5%)  high-grade  carcinomas.  The  peak 
copy  number  changes  in  these  six  amplified  tumors  ranged  from 
four  to  nine  copies  based  on  SNP  array  analysis  (Fig.  L4  and  B). 
In  contrast  to  high-grade  serous  carcinomas,  no  evidence  of 
amplification  at  19pl3.12,  or  cyclin  El  or  AKT2  loci  could  be 
detected  in  low-grade  ovarian  tumors  or  normal  ovarian  tissues. 

Three  independent  methods  were  used  to  validate  the  19pl3.12 
amplification.  First,  digital  karyotyping  was  done  on  a  tumor  with 
low  level  of  gain  (four  copies)  and  a  tumor  with  high  level  of 
amplification  (nine  copies)  based  on  SNP  array  analysis.  Digital 
karyotyping  is  a  recently  developed  genome-wide  technology  that 
allows  a  precise  measurement  of  DNA  copy  number  at  high 
resolution  (9).  The  method  has  been  used  to  identify  new 
amplicons  in  human  cancer  (6,  11-13)  and  using  digital  karyotyp¬ 
ing,  we  found  similar  location  and  amplitude  of  these  amplicons 
detected  by  SNP  arrays  (Fig.  1C).  Second,  quantitative  real-time 
PCR  was  used  to  measure  the  copy  number  of  the  predicted 
amplification  in  all  of  the  six  tumors  (Fig.  IB).  The  amplification 
levels  based  on  the  SNP  arrays  were  generally  in  agreement  with 
quantitative  PCR  but  with  an  underestimation  of  copy  number  in 


those  samples  with  high  amplitude  of  amplifications.  This  could  be 
due  to  the  saturation  of  probe  hybridization  signal  associated  with 
array  platform.  Third,  dual-color  FISH  analysis  was  done  on  aU  six 
amplified  tumors  using  a  RAC  clone  located  at  the  19pl3.12 
amplicon  and  a  BAG  clone  located  at  the  19q  as  the  reference.  All  of 
the  six  cases  showed  increased  target  signals  compared  with  the 
reference  signals.  Among  them,  four  cases  showed  a  pattern  of 
chromosomal  gain  and  two  cases  showed  a  pattern  of  homoge¬ 
nously  staining  region.  Taken  together,  the  above  results  confirmed 
amplification  of  19pl3.12  in  high-grade  ovarian  serous  carcinomas. 

NotchS  as  the  candidate  cancer-related  gene  in  the  19pl3.12 
amplicon.  To  select  the  most  promising  tumor-associated  gene 
within  the  minimal  amplicon,  we  aligned  the  amplicons  from  these 
six  tumors  and  delineated  a  common  region  of  amplification 
(minimal  amplicon),  which  spanned  from  14.60  to  16.47  Mb  on 
chromosome  19p  and  contained  34  genes  (Fig.  2).  To  identify  the 
candidate-amplified  tumor-associated  gene  within  the  amplicon, 
we  correlated  the  gene  copy  number  and  gene  expression  levels  for 
all  34  genes  based  on  the  rationale  that  a  tumor-driving  gene,  when 
amplified,  should  overexpress  to  activate  its  tumorigenic  pathway, 
whereas  coamplified  “passenger”  genes  that  are  not  related  to 
tumor  development  may  or  may  not  do  so  (14).  This  approach  can 
be  useful  to  narrow  down  the  candidate  gene  lists,  although  some 
amplification  events  may  not  necessarily  have  overexpression  of 
the  gene  of  interest.  The  mRNA  levels  were  measured  using 
quantitative  RT-PCR  on  five  high-grade  carcinomas  with  19pl3.12 
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Figure  2.  Gene  expression  analysis  of  the  19p13.12  amplicon  in  ovarian  tumors.  Left,  alignment  ot  the  amplicons  trom  the  19p13.12-amplitied  tumors  reveals  a 
common  region  of  amplification  spanning  from  14.60  to  16.47  Mb  at  chromosome  19p.  Right,  quantitative  real-time  PCR  was  done  tor  all  34  genes  located  within 
the  minimal  amplicon  in  high-grade  serous  carcinomas  with  or  without  1 9p1 3. 1 2  amplification  and  benign  OSE  cells  were  used  as  controls.  The  expression  level  of  each 
gene  (top  to  bottom,  centromeric  to  telomeric)  in  individual  specimen  is  shown  as  a  pseudocolor  gradient  based  on  the  relative  expression  level  of  a  given  specimen 
to  the  average  value  derived  from  five  benign  OSE  samples. 
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Figure  3.  Overexpression  and  amplification  of  Notcfi3  in  high-grade  ovarian 
carcinomas.  A,  mRNA  expression  level  of  Notch3  for  each  specimen  is 
measured  by  quantitative  RT-PCR  and  is  expressed  as  fold  increase  relative  to 
the  average  value  derived  from  nine  OSE  samples.  Each  symbol  represents  one 
specimen.  The  sample  with  circle  harbored  19p13.12  amplification,  which  is 
shown  in  (B).  B,  FISH  analysis  shows  a  homogenously  stained  region  in  an 
amplified  tumor  (right)  with  a  high  level  of  mRNA  expression.  A  nonamplified 
tumor  (left)  is  also  shown  as  a  control. 


amplification,  11  high-grade  tumors  without  such  amplification, 
and  five  benign  ovarian  tissues  including  four  OSE  samples  and  a 
benign  ovarian  cyst.  The  expression  levels  for  each  gene  were 
normalized  to  the  average  value  of  benign  tissues  (Fig.  2).  Mann- 
Whitney  U  test  was  used  to  compute  and  compare  the  difference  in 
gene  expression  levels  between  the  19pl3.12  amplified  versus 
nonamplified  high-grade  carcinomas.  Among  the  34  genes  within 
the  minimal  amplicon,  NotchS  showed  the  most  consistent  and 
significant  up-regulation  in  19pl3.12-amplified  tumors  compared 
with  nonamplified  tumors  (P  =  0.0018).  Other  genes  in  the 
amphcon,  such  as  DDX39  and  ADHD9,  also  showed  a  significant 
overexpression  in  the  amplified  versus  nonamplified  tumors 
(P  =  0.01  and  P  =  0.02,  respectively).  It  is  plausible  that  these 
genes  also  contribute  to  the  tumorigenesis  in  ovarian  cancer.  In 
this  study,  we  selected  NotchS  for  further  characterization  because 
it  showed  the  most  significant  P  value.  We  further  correlated 
NotchS  DNA  and  mRNA  copy  number  in  a  set  of  31  samples  in 
which  both  tissues  and  RNA  samples  were  available  for  FISH  and 
quantitative  RT-PCR  analyses.  Our  data  showed  a  moderate 
positive  correlation  of  these  two  variables  with  a  correlation 
coefficient  of  0.481  (Spearman  rank-order  test,  P  <  0.05). 

The  above  results,  together  with  previous  reports  showing  that 
NotchS  participates  in  both  development  and  oncogenesis,  suggest 


that  NotchS  is  a  candidate  “driving”  gene  in  the  19pl3.12  amplicon. 
Therefore,  NotchS  was  prioritized  for  further  characterization  in 
this  study.  We  then  did  quantitative  RT-PCR  on  a  large  panel  of 
ovarian  serous  tumors  to  determine  NotchS  mRNA  levels.  As 
shown  in  Fig.  3A,  NotchS  was  overexpressed  in  66%  (51  of  77)  of 
high-grade  tumors,  but  only  in  33%  (4  of  12)  of  low-grade  tumor 
compared  with  normal  ovarian  surface  epithelium  (OSE).  In 
addition,  the  top  five  tumors  with  the  highest  Notch3  mRNA 
expression  harbored  19pl3.12  amplification  (Fig.  3S),  further 
supporting  NotchS  as  a  candidate  amplified  gene  that  is  important 
in  tumor  development.  Mann- Whitney  U  test  showed  that  there  was 
a  statistically  significant  difference  in  the  levels  of  NotchS  expression 
between  OSE  and  high-grade  serous  carcinomas  (P  <  0.001)  and 
between  OSE  and  low-grade  serous  carcinomas  {P  <  0.05).  However, 
there  was  no  significant  difference  between  low-grade  and  high- 
grade  carcinomas  {P  =  0.3187). 
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Figure  4.  Immunoreactivity  of  NotchS  in  ovarian  tumors.  A,  immunoreactivity 
of  NotchS  is  not  detectable  in  normal  OSE  (a  and  b)  but  is  overexpressed  in  55% 
of  high-grade  serous  carcinoma.  Immunolocalization  of  NotchS  is  detected  in 
both  nucleus  and  cytoplasm  in  the  tumor  cells  (c  and  d).  B,  correlation  of  NotchS 
immunointensity  and  DNA  copy  number  ratio  in  high-grade  serous  carcinomas. 
The  intensity  of  NotchS  immunoreactivity  positively  correlates  with  the  NotchS 
DNA  copy  ratio  based  on  FISH  analysis.  Furthermore,  there  is  a  statistically 
significant  difference  between  tumors  with  intense  staining  intensity  (3+)  and 
those  without  {Mann-Whitney  U  test). 
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Figure  5.  Effects  of  7-secretase  inhibitor  on  cell  proliferation  and  apoptosis 
in  cell  lines.  A,  Western  blot  analysis  shows  a  higher  expression  level  of 
NotchS  protein  in  OVCAR3,  A2780,  and  MCF-7  cells  compared  with  the  other 
cell  lines  in  which  the  NotchS  protein  is  not  detectable.  B,  7-secretase  inhibitor 
significantly  reduces  the  cell  number  in  cell  lines  with  NotchS  overexpression, 
including  OVCARS,  A2780,  and  MCF-7  compared  with  those  without  NotchS 
overexpression.  7-Secretase  inhibitor  decreases  DNA  synthesis  (C)  and 
increases  apoptosis  (D)  in  OVCAR,  A2780,  and  MCF-7  cells  based  on 
measurement  of  BrdUrd  uptake  and  Annexin  V  labeling  assays,  respectively. 


Immunohistochemistry  and  FISH  were  done  in  parallel  on  111 
tumor  samples  to  correlate  protein  expression  and  NotchS  DNA 
copy  number.  NotchS  immunoreactivity  was  detected  in  both 
nucleus  and  cytoplasm  of  tumor  cells  in  61  of  111  (55%) 
carcinomas  but  not  in  normal  ovarian  epithelial  cells  (Fig.  4A). 
NotchS  immunointensity  was  scored  as  negative  (0),  negligible  (l-f), 
moderate  (2-1- ),  and  intense  (S-f)  and  was  correlated  with  NotchS 
DNA  copy  number  ratio  based  on  FISH  analysis  (Fig.  4B). 
Specifically,  the  intensity  of  NotchS  staining  positively  correlated 
with  the  NotchS  DNA  copy  ratio  (Spearman  rank-order  correlation 
coefficient  =  0.4).  Furthermore,  there  is  statistically  significant 


difference  between  tumors  with  intense  staining  intensity  (S-f)  and 
those  without  (intensity  score  =  0,  I-1-,  and  2-f;  Mann-Whitney  U 
test,  P  <  0.0001).  We  observed  that  8  of  22  carcinomas  are  with 
NotchS  overexpression  (S-f)  but  without  NotchS  gene  amplification 
(gene  copy  ratio  <2).  This  finding  implies  that  in  addition  to  gene 
amplification,  mechanisms  such  as  epigenetic  activation  of  the 
NotchS  promoter  in  response  to  environmental  cues  may 
contribute  to  Notch  overexpressing  in  those  tumors.  Although  a 
positive  correlation  of  NotchS  gene  copy  ratio  and  protein 
expression  was  observed,  there  are  some  tumors  (5  of  50  tumors) 
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Figure  6.  Effects  of  NotchS  knockdown  on  cell  proliteration  and  apoptosis  in  cell 
lines.  A,  Western  blot  analysis  shows  a  significant  reduction  of  NotchS  protein  in 
NotchS  siRNA-treated  cells  compared  with  the  mock  or  control  siRNA-treated 
cells.  B,  NotchS  siRNA  signiticantly  reduces  the  cell  number  in  cell  lines  with 
NotchS  overexpression,  including  OVCARS,  A2780,  and  MCF-7  compared  with 
those  without.  Treatment  with  NotchS  siRNA  decreases  DNA  synthesis  as 
measured  by  BrdUrd  uptake  (C)  and  increases  apoptosis  as  measured  by 
Annexin  V  labeling  (D)  in  OVCARS,  A2780,  and  MCF-7  cells. 
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with  NotchS  DNA  copy  ratio  >2  but  with  only  weak  NotchS  protein 
expression  (0/1+).  This  result  suggests  that  these  carcinomas  may 
use  other  oncogene(s)  that  resides  on  the  same  chromosomal  arm 
as  the  NotchS  locus  to  promote  tumor  progression  in  ovarian 
serous  carcinomas. 

Notch  receptors  participate  in  signal  transduction  by  trans¬ 
locating  their  cytoplasmic  domain  to  the  nucleus  where  it  activates 
an  array  of  downstream  effectors  that  can  play  important  roles  in 
cell  proliferation  and  survival  (15).  The  association  of  genetic 
changes  in  NotchS  and  human  cancer  has  been  recently  established 
in  lung  carcinoma.  Translocation  of  t(15;19)  was  identified  in  non- 
small-ceU  lung  cancer  cell  lines  and  the  breakpoint  has  been 
mapped  to  50  bp  upstream  of  the  NotchS  locus.  The  translocation 
of  chromosome  19p  was  found  to  correlate  with  overexpression  of 
NotchS  full-length  mRNA  (16).  Our  data  here  provide  new  evidence 
that  besides  translocation,  gene  amplification  is  another  mecha¬ 
nism  to  activate  NotchS  in  human  cancer. 

The  genetic  findings  are  supported  by  mouse  models.  For 
example,  expression  of  the  intracellular  domain  (a  constitutively 
active  form)  of  NotchS  in  mouse  thymus  induced  T-cell  leukemia/ 
lymphoma  (17).  Furthermore,  constitutive  expression  of  activated 
NotchS  in  the  central  nervous  system  initiates  the  formation  of 
brain  tumors  in  the  choroid  plexus  in  mice  (18),  suggesting  that 
deregulation  of  NotchS  plays  a  role  in  neoplastic  transformation. 

Functional  analysis  of  NotchS  expression.  To  determine  if 
NotchS  is  essential  for  cell  growth  and  survival  in  cell  lines  that 
overexpress  NotchS,  we  used  y-secretase  inhibitor  1,  which 
prevents  the  activation  of  NotchS  by  inhibiting  the  proteolysis 
and  translocation  of  NotchS  cytoplasmic  domain  to  the  nucleus. 
This  compound  has  been  shown  to  be  a  potent  and  specific 
inhibitor  of  Notch  pathway  (19,  20).  y-Secretase  inhibitor  was 
applied  to  the  culture  medium  in  nine  cell  lines,  including  three 
cancer  cell  lines  with  NotchS  overexpression  (OVCAR3,  A2780,  and 
MCF7),  an  immortalized  OSE  cell  line  (OSE  29),  and  five  cancer  cell 
lines  (SKOV3,  MPSCl,  HTB75,  TOV-G21,  and  ES-2)  without  NotchS 
overexpression  (Fig.  SA).  We  first  determined  the  concentration  of 
y-secretase  inhibitor  to  be  used  and  found  that  the  IC50  was  lowest 
in  OVCAR3  (1  pmol/L).  Therefore,  we  treated  different  cell  lines 
with  inhibitor  at  1  pmol/L  in  culture  and  found  that  there  was  a 
substantial  reduction  in  cell  number  of  OVCAR3,  A2780,  and  MCF7 
cells  that  overexpressed  NotchS  compared  with  other  cell  lines 
that  did  not  have  NotchS  overexpression  (Fig.  SB,  P  <  0.001, 
Student’s  t  test).  To  assess  the  mechanisms  underlying  the  growth 
inhibition  by  the  y-secretase  inhibitor  in  OVCAR3,  A2780,  and 
MCF-7  cells,  we  measured  the  percentage  of  BrdUrd-labeled  cells 
for  cellular  proliferation  and  Annexin  V-labeled  cells  for  apoptosis 
(Fig.  5C  and  D).  We  found  that  y-secretase  inhibitor  significantly 
reduced  cellular  proliferation  and  induced  apoptosis  in  all  three 
cell  lines  with  NotchS  overexpression  compared  with  the  DMSO 
controls  [P  <  0.001,  Student’s  t  test).  siRNA  was  used  to  knock 
down  the  expression  of  NotchS  in  the  same  nine  cell  lines  used  for 


the  y-secretase  inhibitor  assay.  The  knockdown  effect  of  siBNA  was 
shown  by  Western  blot  (Fig.  6A).  siRNA  treatment  significantly 
reduced  the  NotchS  protein  expression  compared  with  the  mock  or 
control  siRNA-treated  groups.  Similar  to  the  effects  of  y-secretase 
inhibitor,  NotchS  siRNA  reduced  cell  number  most  significantly  in 
OVCAR3,  A2780,  and  MCF7  cells,  which  overexpressed  NotchS 
compared  with  the  other  cell  lines  (Fig.  6B,  P  <  0.001,  Student’s 
t  test).  The  BrdUrd-positive  cells  decreased  and  the  Annexin 
V-labeled  cells  increased  in  NotchS  siRNA-treated  cells  compared 
with  control  siRNA-treated  cells  (Fig.  6C  and  D,P  <  0.001,  Student’s 
t  test). 

Our  in  vitro  data  to  inactivate  NotchS  by  y-secretase  inhibitor 
and  siRNA  may  have  clinical  implications  for  ovarian  cancer 
patients  and  suggest  that  NotchS  can  be  a  candidate  therapeutic 
target.  y-Secretase  inhibitors  have  been  studied  in  the  past  several 
years  as  a  potential  therapeutic  intervention  in  Alzheimer’s  disease. 
Very  recently,  y-secretase  inhibitors  have  been  shown  to  inhibit  the 
epithelial  cell  proliferation  and  induce  goblet  cell  differentiation 
in  intestinal  adenomas  Apc^^^  (min)  mice  (20).  Furthermore,  y- 
secretase  was  shown  to  be  able  to  inhibit  the  growth  of  Kaposi’s 
sarcoma  cells  in  mouse  tumor  model  (19).  Therefore,  with  the 
promising  effects  at  both  in  vitro  and  in  vivo  systems,  y-secretase 
inhibitors  can  be  used  as  new  target-based  therapy  for  those 
tumors  with  NotchS  activation. 

The  current  study  suggests  that  NotchS  is  a  strong  candidate 
oncogene  among  the  genes  within  the  chl9pl3.12  amplicon  in 
ovarian  carcinomas.  This  is  because  NotchS  gene  shows  a  high 
correlation  of  gene  amplification  and  overexpression  and  is 
functionally  essential  for  tumor  growth  and  survival.  Although 
the  above  represents  our  preferred  interpretation,  other  alternative 
interpretations  should  be  pointed  out.  For  example,  NotchS  may 
not  be  the  only  gene  with  high  correlation  of  DNA  copy  number 
and  gene  expression  level  after  analyzing  a  large  series  of  amplified 
and  nonamplified  tumors.  It  is  possible  that  other  coamplified 
gene(s)  within  the  NotchS  amplicon  also  plays  a  role  in  tumori- 
genesis  and  they  may  cooperate  with  NotchS  in  propelling  tumor 
progression. 

In  conclusion,  we  have  identified  NotchS  as  a  candidate 
amplified  oncogene  that  overexpressed  in  66%  of  ovarian  serous 
carcinomas.  Our  findings  suggest  that  NotchS  amplification  may 
play  an  important  role  in  the  development  of  ovarian  carcinomas; 
moreover,  these  findings  provide  a  rationale  for  future  develop¬ 
ment  of  NotchS-based  therapy  for  ovarian  cancer. 
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ABSTRACT 

Identifying  the  primary  site  in  cases  of  metastatic  carcinoma  of  nn- 
known  origin  has  profonnd  clinical  importance  in  managing  cancer  pa¬ 
tients.  Although  transcriptional  profiling  promises  molecular  solutions  to 
this  clinical  challenge,  simpler  and  more  reliahle  methods  for  this  purpose 
are  needed.  A  training  set  of  fl  serial  analysis  of  gene  expression  (SAGE) 
libraries  was  analyzed  using  a  combination  of  supervised  and  unsuper¬ 
vised  computational  methods  to  select  a  small  group  of  candidate  genes 
with  maximal  power  to  discriminate  carcinomas  of  different  tissue  origins. 
Quantitative  real-time  PCR  was  used  to  measure  their  expression  levels  in 
an  independent  validation  set  of  62  samples  of  ovarian,  breast,  colon,  and 
pancreatic  adenocarcinomas  and  normal  ovarian  surface  epithelial  con¬ 
trols.  The  diagnostic  power  of  this  set  of  genes  was  evaluated  using 
unsupervised  cluster  analysis  methods.  From  the  training  set  of  21,321 
unique  SAGE  transcript  tags  derived  from  11  libraries,  five  genes  were 
identified  with  expression  patterns  that  distinguished  four  types  of  ade¬ 
nocarcinomas.  Quantitative  real-time  PCR  expression  data  obtained  from 
the  validation  set  clustered  tumor  samples  in  an  unsupervised  manner, 
generating  a  self-organized  map  with  distinctive  tumor  site-specific  do¬ 
mains.  Eighty-one  percent  (50  of  62)  of  the  carcinomas  were  correctly 
allocated  in  their  corresponding  diagnostic  regions.  Metastases  clustered 
tightly  with  their  corresponding  primary  tumors.  A  classification  map 
diagnostic  of  tumor  types  was  generated  based  on  expression  patterns  of 
five  genes  selected  from  the  SAGE  database.  This  expression  map  analysis 
may  provide  a  reliable  and  practical  approach  to  determine  tumor  type  in 
cases  of  metastatic  carcinoma  of  clinically  unknown  origin. 


INTRODUCTION 

In  the  United  States,  ~5 1,000  patients  (or  4%  of  all  new  cancer 
cases)  present  annually  with  metastases  arising  from  occult  primary 
carcinomas  of  unknown  origin  (1).  Adenocarcinomas  represent  the 
most  common  metastatic  tumors  of  unknown  primary  site.  Although 
these  patients  often  present  at  a  late  stage,  outcome  can  he  positively 
affected  by  accurate  diagnoses  followed  by  appropriate  therapeutic 
regimens  specific  to  different  types  of  adenocarcinoma  (2).  The  lack 
of  unique  microscopic  appearance  of  the  different  types  of  adenocar¬ 
cinomas  challenges  morphological  diagnosis  of  adenocarcinomas  of 
unknown  origin.  The  application  of  tumor-specific  serum  markers  in 
identifying  cancer  type  is  theoretically  feasible,  but  such  markers  are 
generally  not  available  at  present  (3,  4).  Transcription  profiling  of 
thousands  of  genes  using  DNA  microarrays  has  successfully  classified 
tumors  according  to  the  site  of  origin  (5,  6),  but  the  need  for  relatively 
large  amounts  of  RNA  and  lack  of  a  unified  standard  for  both  data 
collection  and  analysis  make  it  difficult  to  deploy  the  current  platform 
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in  a  clinical  setting.  SAGE,^  on  the  other  hand,  measures  absolute 
expression  levels  through  a  tag  counting  approach,  allowing  data  to  be 
obtained  and  compared  from  different  samples  analyzed  in  isolation. 
However,  the  throughput  of  this  approach  is  low,  making  it  inappro¬ 
priate  for  routine  clinical  applications.  Quantitative  real-time  PCR  is 
a  reliable  method  for  assessing  gene  expression  levels  from  relatively 
small  amounts  of  tissue  (7).  Although  this  approach  has  recently  been 
successfully  applied  to  the  molecular  classification  of  breast  tumors 
into  prognostic  subgroups  based  on  the  analysis  of  2,400  genes  (8), 
the  measurement  of  such  a  large  number  of  randomly  selected  genes 
by  PCR  is  clinically  impractical. 

To  overcome  the  above  limitations,  we  developed  a  rational  strat¬ 
egy  that  uses  a  combination  of  supervised  and  unsupervised  compu¬ 
tational  methods  to  analyze  SAGE-derived  gene  expression  data  and 
identify  a  minimum  number  of  genes  with  maximum  ability  to  sep¬ 
arate  adenocarcinomas  according  to  their  tissue  origins.  We  then  used 
quantitative  real-time  PCR  to  query  the  expression  levels  of  these 
genes  and  used  novel  unsupervised  computational  analyses  to  pro¬ 
spectively  evaluate  their  ability  to  correctly  categorize  adenocarcino¬ 
mas  of  the  ovary,  breast,  colon,  and  pancreas. 

MATERIALS  AND  METHODS 

Tissue  Samples.  A  total  of  62  surgically  removed  samples  were  retrieved 
from  the  tumor  bank.  Department  of  Pathology,  Johns  Hopkins  Hospital.  The 
acquisition  of  human  tissue  material  was  approved  by  the  local  Institutional 
Review  Board.  The  panel  of  carcinomas  included  20  ovarian  serous  carcino¬ 
mas  (11  primaries  and  9  metastases),  11  breast  carcinomas  (10  primaries  and 
1  metastasis),  6  pancreatic  carcinomas  (all  primaries),  and  20  colorectal 
carcinomas  (9  primaries  and  11  metastases).  Total  RNA  was  purified,  and 
cDNA  was  synthesized  using  standard  protocols.  Briefly,  frozen  tissues  were 
minced  and  placed  in  the  TRIzol  reagent  (Invitrogen,  Carlsbad,  CA).  Total 
RNA  was  isolated,  and  contaminating  genomic  DNA  was  removed  using  the 
DNA-free  kit  (Ambion,  Austin,  TX).  cDNA  was  prepared  using  oligo  dT 
primers  and  diluted  for  PCR.  H&E-stained  sections  were  prepared  from  a 
portion  of  the  frozen  tumors  and  reviewed  by  a  surgical  pathologist  (I-M.  S.) 
to  confirm  the  diagnosis  and  assess  the  percentage  of  viable  tumor  cells  in  the 
tissue  sections.  Tissue  samples  with  >60%  stromal  contamination  or  <50% 
viable  tumor  cells  were  not  included  in  analysis.  Five  primary  cultures  of 
ovarian  surface  epithelium  were  obtained  from  normal  ovaries  that  were 
surgically  removed,  along  with  uteri,  because  of  benign  uterine  disorders. 

Analysis  Software.  UMSA  is  a  modified  Support  Vector  Machine  learning 
algorithm  that  allows  the  incorporation  of  estimated  data  distribution  into  the 
derivation  of  an  optimal  soft-margin  classifier  (9).  ProPeak  (3Z  Informatics, 
ChaiJeston,  SC)  is  a  Java-based  software  package  that  implements  the  UMSA 
algorithm.  Unsupervised  clustering  with  SOM  was  performed  using  SOM 
toolbox  2.0  for  Matlab  (10).“*  Additional  Matlab  code  was  developed  by  the 
authors  to  display  the  estimated  two-dimensional  probability  distribution  pat¬ 
terns  of  each  of  the  tumor  sites  and  define  the  diagnostic  regions  within  a 
derived  SOM.  PCR  primers  for  the  selected  genes  were  designed  using 
Primers.^ 


^  The  abbreviations  used  are:  SAGE,  serial  analysis  of  gene  expression;  UMSA, 
unified  maximum  separability  analysis;  SOM,  self-organizing  map;  Ct,  threshold  cycle 
number;  APP,  amyloid  precursor  protein. 

Internet  address:  http://www.cis.hut.fi. 

^  Internet  address:  http://www-genome.wi.mit.edu/genome_software/other/primer3.html. 
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Tag  Selection  from  the  SAGE  Database.  SAGE  libraries  were  sequenced, 
and  the  resulting  gene  expression  data  were  collated  and  warehoused  as  part  of 
the  Cancer  Genome  Anatomy  Project  public  database  for  gene  expression  (11). 
The  hematopoietic  cell  library  was  reported  previously  (12).  Tags  and  their 
expression  levels  were  retrieved  from  the  Internet  (12-17).^  Molecular  infor¬ 
mation  regarding  the  libraries  analyzed,  as  well  as  the  primary  expression  data, 
are  available  under  the  following  ProbeSet  ID  numbers:  Colon  Cancer  1 
(CoCal)  GSM756;  Colon  Cancer  2  (CoCa2)  GSM755;  Ovarian  Cancer  1 
(OvCal)  GSM735;  Ovarian  Cancer  2  (OvCa2)  GSM736;  Ovarian  Cancer  3 
(OvCa3)  GSM737;  Pancreatic  Cancer  1  (PaCal)  GSM743;  Pancreatic  Cancer 
2  (PaCa2)  GSM744;  Breast  Cancer  1  (BrCal)  GSM670;  Breast  Cancer  1 
Metastasis  (BrCalMet)  GSM671;  Breast  Cancer  2  (BrCa2)  GSM672;  and 
Breast  Cancer  2  Metastasis  (BrCa2Met)  GSM673.  In  the  supervised  selection 
process,  the  tags  were  first  filtered  to  retain  only  those  that  were  abundant 
(greater  than  eight  tags/100,000  total  tags)  in  tumors  and  absent  in  hemato¬ 
poietic  cells.  Tag  counts  were  subsequently  analyzed  by  the  UMSA  algorithm 
in  ProPeak  to  select  several  top-ranked  tags  for  each  of  the  four  tumor  sites 
according  to  their  contribution  in  sepai'ating  the  specific  carcinoma  from  the 
rest  of  the  data.  The  resultant  most  informative  tags  were  then  subjected  to 
unsupervised  two-way  hierarchical  cluster  analysis  (centered  coiTelation  sim¬ 
ilarity  metric  with  complete  linkage  clustering,  no  transformation  or  normal¬ 
ization;  Ref.  18)^  to  evaluate  the  site  specificity  of  the  tumor-associated  groups 
of  tags.  The  tags  were  matched  to  the  Unigene  database,  and  well-character¬ 
ized  genes  were  selected  for  PCR  primer  design  and  further  analysis. 

Gene  Expression.  Quantitative  real-time  PCR  was  performed  to  determine 
gene  expression  levels  in  a  panel  of  20  ovaiian  carcinomas  (11  primaries  and 
9  metastases),  11  breast  carcinomas  (10  primaries  and  1  metastasis),  6  pan¬ 
creatic  carcinomas  (all  primaries),  20  colorectal  carcinomas  (9  primaries  and 
1 1  metastases),  and  five  normal  ovarian  surface  epithelial  cultures  using  the 
protocol  described  previously  (19).  Primers  were  designed  for  representative 
well-characterized  candidate  genes  to  test  the  performance  in  quantitative 
real-time  PCR,  and  those  containing  robust  and  specific  PCR  products  without 
detectable  primer  dimers  were  selected  for  analysis.  Approximately  16-100  ng 
of  cDNA  were  included  in  the  real-time  PCR,  which  was  performed  using  an 
iCycler,  and  Cts  were  obtained  using  the  iCycler  Optical  system  interface 
software  (Bio-Rad  Lab,  Hercules,  CA).  Averages  in  the  Ct  of  duplicate 
measurements  were  obtained.  The  results  were  expressed  as  the  difference 
between  the  Ct  of  the  diagnostic  gene  and  Ct  of  a  control  gene  (APP),  for 
which  expression  is  relatively  constant  among  the  SAGE  libraries  analyzed.  In 
cases  where  no  gene  expression  was  observed,  a  cutoff  Ct  value  of  45  cycles 
was  used. 

RESULTS 
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Fig.  1.  Outline  of  data  analysis.  Tags  were  subjected  to  a  combination  of  supervised 
and  unsupervised  selection  algorithms.  Expression  levels  of  genes  corresponding  to 
informative  transcript  tags  were  measured  by  quantitative  real-time  PCR,  and  the  expres¬ 
sion  data  were  used  to  identify  tissue  type  in  a  test  set  of  62  clinical  samples. 


Identification  of  Diagnostic  Genes.  Analysis  of  SAGE  libraries 
constructed  from  surgical  samples  of  ovarian,  breast,  pancreatic,  and 
colon  adenocarcinomas  identified  a  total  of  21,321  unique  SAGE  tags 
that  were  observed  two  or  more  times  (Fig.  1).  To  identify  genes  that 
were  potential  candidates  for  differential  diagnosis  of  these  tumor 
types,  we  selected  tags  that  were  highly  expressed  (eight  or  more 
occurrences/ 100,000  total  tags)  in  one  or  more  of  the  tumor  samples. 
This  resulted  in  the  identification  of  6,396  unique  and  highly  ex¬ 
pressed  cancer-associated  tags.  To  remove  transcripts  derived  from 
hematopoietic  infiltrates  present  in  variable  amounts  in  these  tumors, 
we  eliminated  tags  that  were  also  present  in  a  SAGE  library  con¬ 
structed  from  tumor-derived,  purified  hematopoietic  cells  (12).  As  a 
result,  a  total  of  3,747  unique,  cancer-specific  tags  was  obtained  and 
subjected  to  further  analysis. 

UMSA  (9)  was  used  to  identify  a  subset  of  genes  that  would 
provide  the  most  discriminating  differential  gene  expression  informa¬ 
tion.  The  UMSA  approach  evaluates  and  ranks  the  contrihution  of 
each  transcript  tag  toward  the  optimal  separation  of  SAGE  libraries 
derived  from  different  tissues.  Although  we  only  analyzed  four  tumor 
sites,  this  UMSA  approach  can  become  valuable  in  analyzing  SAGE 


®  Internet  address:  http://www.ncbi.nlm.nih.gov/SAGE/. 
^  Internet  address:  http://rana.lbl.gov/EisenSoftware.htm. 


libraries  obtained  from  many  tissue  sites  in  the  future  extended  study. 
This  analysis  resulted  in  a  total  of  98  unique  transcript  tags  including 
15  tags  for  ovarian,  12  tags  for  colon,  13  tags  for  pancreatic,  and  18 
tags  for  breast  carcinomas  that  were  calculated  to  be  most  informative 
for  tumor  site-specific  classification.  This  was  corroborated  by  a 
two-way  hierarchical  cluster  analysis  of  both  tumors  and  tags  based 
on  the  expression  levels  of  this  reduced  number  of  tags.  This  relatively 
small  subset  of  transcript  tags  (<0.5%  of  all  tags)  was  sufficient  to 
correctly  cluster  the  SAGE  libraries  into  groups  of  similar  tissue 
origins  (Fig.  2,  horizontal  tree).  Additionally,  tags  clustered  into  nodes 
of  similar  expression  patterns  and  had  clearly  visible  associations  with 
the  above  carcinomas  arising  from  different  tissue  types  (Fig.  2, 
vertical  tree).  The  tags  were  matched  to  the  Unigene  database,®  and 
three  well-characterized  genes  from  each  node  were  randomly  se¬ 
lected  to  evaluate  their  performance  in  quantitative  real-time  PCR. 
Five  of  these  genes  showed  robust  and  specific  PCR  products  without 
detectable  primer  dimer  formation  and  were  further  analyzed  for  their 
diagnostic  potential  (Table  1).  The  selection  of  these  five  genes  from 
the  candidate  pool  was  arbitrary  and  driven  by  technical  limitations 
{i.e.,  capacity  and  success  of  real-time  PCR).  Most  tags  present  in  the 
pancreatic  cluster  did  not  match  known  genes  and  were  not  pursued 


®  Internet  address:  http://www.ncbi.nlm.nih.gov/UniGene/. 
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Fig.  2.  Cluster  analysis  and  identification  of  diagnostic  tags.  The  most  informative 
98  tags  (vertical  tree)  were  subjected  to  two-way  hierarchical  cluster  analysis  with 
different  SAGE  libraries  (horizontal  tree)  as  the  training  set.  Seventy-one  cancer 
type-specific  tags  are  identified  and  include  15  tags  for  ovarian,  12  tags  for  colon,  16 
tags  for  pancreatic,  and  28  tags  for  breast  carcinomas.  A  total  of  five  genes  with  their 
tag  sequences  bolded  were  selected  for  real-time  PCR.  PaCa,  primary  pancreatic 
carcinoma;  OvCa,  primary  ovarian  carcinoma;  BrCa,  primary  breast  carcinoma;  BrMt, 
breast  carcinoma  metastases. 


further.  Among  all  of  the  genes  analyzed  in  the  SAGE  libraries,  APP 
(Unigene  ID  177486)  demonstrated  a  relatively  constant  expression 
level  and  was  selected  as  the  control  for  subsequent  expression 
analyses. 

Validation  of  Diagnostic  Genes.  To  prospectively  evaluate  their 
diagnostic  power,  the  expression  levels  of  the  five  genes  selected  from 
the  above  training  set  were  evaluated  by  quantitative  real-time  PCR  in 
a  separate  set  of  62  samples  of  breast,  colon,  ovarian,  and  pancreatic 
primary  carcinomas  and  metastases  and  normal  ovarian  surface  epi¬ 
thelium.  Ct  differences  between  each  diagnostic  gene  and  the  control 
gene  (APP)  were  calculated,  and  the  expression  data  obtained  from 
this  validation  set  were  subjected  to  unsupervised  hierarchical  cluster 
analysis.  This  analysis  was  able  to  correctly  classify  44  of  62  samples 
according  to  their  sites  of  origin  (Fig.  3).  A  pancreatic  cluster  was  not 
evident  by  this  analysis.  With  a  sensitivity  of  71%  (44  of  62), 
real-time  PCR  results  clearly  validated  the  diagnostic  genes’  ability  to 
classify  different  types  of  adenocarcinomas 

In  an  attempt  to  improve  the  resolving  power  of  the  expression  data, 
and  display  results  in  terms  of  diagnostic  probability,  an  unsupervised 
two-dimensional  SOM  analysis  of  the  quantitative  real-time  PCR  data 
was  performed  (10).  As  shown  in  Fig.  4,  each  of  the  five  genes 
demonstrated  a  gradient  in  expression  levels  with  the  highest  expres¬ 
sion  present  in  certain  types  of  cancers.  For  practical  application  of 
this  analysis,  we  generated  a  two-dimensional  gene  expression-based 
classification  map  according  to  different  cancer  types  (Fig.  5).  Most 
adenocarcinomas  clustered  within  their  well-defined  map  districts 
bounded  by  iso-probability  curves.  This  type  of  analysis  allowed  for 
a  rapid  visual  assessment  of  the  probabilities  of  each  cancer  diagnosis. 
Based  on  our  computational  analysis,  most  of  the  probability  maps 
demonstrated  a  single  diagnostic  domain  with  the  exception  of  the 
breast  carcinoma  probability  map,  which  exhibited  two  diagnostic 
domains.  By  integrating  the  spatial  distribution  patterns  of  these  five 
individual  estimated  tissue  type  cancer  probability  maps,  a  combined 
classification  map  was  established  (Fig.  5,  right  bottom  comer)  with 
borders  between  the  domains  determined  by  maximizing  the  overall 
sensitivity  for  all  diagnostic  domains.  This  allowed  categorization  of 
the  adenocarcinomas  and  normal  samples  into  their  specific  domains 
with  a  sensitivity  of  80.6%  (50  of  62).  Metastases  clustered  tightly 
with  their  corresponding  primary  tumors.  In  the  ovarian  cancer  prob¬ 
ability  map,  all  ovarian  cancer  specimens  were  of  serous  types,  the 
most  common  type  of  ovarian  cancer,  with  the  exception  of  two 
specimens,  which  were  located  outside  the  border  of  the  ovarian 
cancer  diagnostic  domain.  Histologically,  both  cases  were  retrospec¬ 
tively  found  to  be  unusual  nonserous  subtypes  of  ovarian  cancer  (20). 

DISCUSSION 

The  results  described  above  demonstrate  that  expression  analysis  of 
a  small  set  of  genes  can  reliably  discriminate  adenocarcinomas  of 
different  tissue  origins.  These  findings  suggest  that  gene  expression- 
based  probability  maps  composed  of  spatial  domains  computed  by  the 
expression  patterns  of  a  few  informative  genes  can  provide  a  molec¬ 
ular  platform  to  predict  adenocarcinoma  of  clinically  unknown  origin. 
It  is  noteworthy  that  the  expression  patterns  of  several  genes  selected 
by  this  computational  process  have  been  observed  previously  by  other 
methods  to  be  relatively  tissue  specific  for  certain  types  of  carcino¬ 
mas,  e.g.,  MUC16  has  been  recently  identified  as  the  gene  encoding 
the  CA125  antigen  (21,  22),  which  has  long  been  known  as  an  ovarian 
cancer-associated  marker  and  routinely  used  to  monitor  the  response 
of  therapy  and  detect  tumor  recurrence  in  ovarian  cancer  patients  (20). 
Additionally,  ceruloplasmin  and  SLPI  have  been  reported  among  the 
most  highly  up-regulated  markers  in  ovarian  carcinoma  (13).  Similar 
to  a  previous  report  (23),  our  finding  supports  the  utility  of  the  SAGE 
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Table  1  Panel  of  diagnostic  genes 

Transcript  tag  counts  from  cancer  SAGE  libraries" 


Category 

SAGE  tag 

Unigene  no. 

Gene 

CoCal 

CoCa2 

OvCal 

OvCa2 

OvCa3 

BrCal 

BrCalMET 

BrCa2 

BrCa2MET 

PaCal 

PaCa2'' 

Colon 

ACATTGGGTG 

351719 

FABPl 

56 

221 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Ovarian 

TTGCTTGCCA 

296634 

CP 

0 

0 

23 

41 

12 

0 

0 

0 

0 

0 

0 

Ovarian 

CCTGATCTGC 

98502 

MUC16 

0 

0 

28 

14 

12 

0 

0 

0 

0 

3 

5 

Ovarian 

TGTGGGAAAT 

251754 

SLPI 

3 

5 

34 

62 

143 

0 

0 

0 

0 

0 

3 

Breast 

GTGCAGGGAG 

79414 

PDEF 

5 

0 

0 

12 

0 

61 

63 

58 

44 

0 

3 

Control 

GTGAAACCCC 

177486 

APP 

681 

834 

508 

381 

387 

269 

213 

546 

415 

681 

562 

"Normalized  to  100,000  total  tags. 

^CoCa,  colon  cancer;  OvCa,  ovarian  cancer;  BrCa,  breast  cancer;  PaCa,  pancreatic  cancer;  BrCaMET,  breast  cancer  metastasis. 


database  and  robustness  of  our  computational  methods  in  identifying 
candidate  genes  for  validation.  Among  those  tumor  samples  that  failed 
to  cluster  into  their  diagnostic  domains,  two  ovarian  carcinomas  were 
retrospectively  found  to  be  nonserous  subtypes.  This  result  suggests 
that  our  method  could  be  used  to  define  histological  subtypes  within 
a  tumor  type. 

As  compared  with  the  global  transcriptional  profiling  that  analyzes 
thousands  of  genes,  our  reductionist  approach,  deploying  a  two- 
dimensional,  expression-based  classification  map  based  on  a  few 
highly  informative  genes,  has  several  advantages  in  determining  the 
origin  of  a  metastatic  carcinoma  of  clinically  unknown  primary:  (a) 
only  a  relatively  small  amount  of  tissue  material  is  required.  This 
feature  is  particularly  attractive  because  minimally  invasive  tech¬ 


niques  such  as  small  biopsies  using  fine  needle,  endoscope,  and 
laparoscope  approaches  are  frequently  used;  (b)  by  reducing  thou¬ 
sands  of  genes  to  a  limited  set  of  informative  genes,  the  background 
noise  introduced  by  the  vast  majority  of  irrelevant  genes  can  be 
minimized,  and  the  information  gained  from  each  sample  is  maxi¬ 
mized.  A  similar  approach  has  been  shown  effective  in  a  specialized 
cDNA  array  with  only  hundreds  of  genes  (24).  Accordingly,  sensi¬ 
tivity  can  be  improved  using  this  approach;  (c)  quantitative  real-time 
PCR  has  become  a  reliable  assay  without  the  need  for  sophisticated 
instrumentation  (7).  In  contrast  to  DNA  array  hybridization  and 
SAGE,  the  assays  can  be  performed  in  a  shorter  period  of  time  (~5  h) 
at  low  cost;  and  (d)  although  bioinformatics  tools  have  recently  been 
applied  to  microarray  data  and  shown  utility  in  predicting  both  cancer 


Fig.  3.  Hierarchical  cluster  analysis  of  gene  ex¬ 
pression  in  a  validation  set  of  62  carcinoma  spec¬ 
imens.  Quantitative  real-time  PCR  data  were  eval¬ 
uated  using  unsupervised  hierarchical  cluster 
analysis.  Forty  of  50  colon,  ovarian,  and  breast 
carcinomas  cluster  to  their  site  of  origin.  Four  of 
five  normal  ovarian  surface  epithelial  controls  also 
clustered.  No  pancreatic  cluster  was  observed.  P, 
pancreatic  carcinoma;  O,  ovarian  carcinoma;  C, 
colon  carcinoma;  B,  breast  carcinoma;  N,  normal 
ovarian  surface  epithelial  controls. 


17/20  14/19  9/11 


Colon-FABPl  Ovarian-CP  Ovarian-MUC16 


Ovarian- SLPI 


9.54 


-4.88 


-19.3 


Breast-PDEF 


Carcinoma  Map 


Fig.  4.  Distribution  of  samples  and  gene  expression 
levels  using  SOM  analysis.  Expression  data  from 
quantitative  real-time  PCR  analyses  are  represented 
as  pseudo-color  gradients  corresponding  to  the  Ct 
differences  between  experimental  and  control 
genes  {bars  to  the  right  of  each  panel).  The  place¬ 
ments  of  conesponding  clinical  samples  by  SOM 
are  indicated  in  the  right  bottom  panel.  O,  ovarian 
carcinoma;  B,  breast  carcinoma;  P,  pancreatic  car¬ 
cinoma;  C,  colon  carcinoma;  N,  normal  ovarian 
surface  epithelial  controls.  Metastases  are  noted  by 
the  yellow  boxes. 
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BrCa 


OvCa 


Non-Ca 


Fig.  5.  Expression-based  classification  map  for 
primary  site  determination.  A  probability  surface 
shown  as  a  pseudo-color  map  was  estimated  for 
each  cancer  type,  and  individual  clinical  samples 
were  projected  onto  the  map  according  to  their 
positions  by  SOM.  The  highest  probability  (1)  is 
shown  in  red  and  lowest  (0)  in  blue.  Iso-probability 
curves  for  all  carcinoma  types  are  outlined.  The 
landscape  of  the  integrated  classification  map  from 
the  five  individual  tissue-type  probability  maps  is 
shown  in  the  right  bottom  panel.  The  borders  were 
generated  along  the  contiguous  saddle  points, 
which  represent  equal  probability  between  neigh¬ 
boring  domains,  and  maximize  the  diagnostic  sen¬ 
sitivity  for  all  five  tissue  types.  P,  pancreatic  car¬ 
cinoma;  O,  ovaiian  carcinoma;  C,  colon  carcinoma; 
B,  breast  carcinoma;  N,  normal  ovarian  surface 
epithelial  controls.  Metastases  are  noted  in  the 
lighter  .shaded  boxes. 


B 

B 

J 

B8 

1 

■ 

PanCa 


diagnosis  (25)  and  outcome  (26),  our  computational  modeling  of 
expression  data  through  a  surface  probability  map  provides  a  quanti¬ 
tative  appreciation  of  the  probability  of  tissue  origin  in  the  tested 
sample.  The  results  of  this  cancer  classification  map  in  combination 
with  clinical  profiles,  including  patients’  demography,  the  prevalence- 
specific  cancer  types,  and  other  clinical  parameters,  could  be  clini¬ 
cally  useful  in  determining  the  cancer  origin  from  unknown  primary. 

In  conclusion,  this  report  provides  evidence  that  a  gene  expression- 
based  probability  map  could  prove  to  be  a  powerful  tool  aiding  the 
diagnosis  of  metastatic  carcinomas  of  unknown  origin.  However, 
before  this  approach  becomes  a  practical  cancer  diagnostic  tool, 
several  issues  need  to  be  addressed.  In  this  study,  the  sensitivity  in 
differentiating  various  types  of  samples  was  80.6%.  Sensitivity  might 
be  improved  in  the  following  ways.  Additional  gene  markers  from  the 
candidate  list  of  SAGE  tags  (Fig.  2)  can  be  tested  to  determine 
whether  either  can  be  increased  over  that  obtained  from  the  current 
selected  genes.  Our  approach  can  also  be  used  in  conjunction  with 
emerging  protein  or  peptide  markers  that  are  relatively  tissue  specific, 
yet  are  of  suboptimal  sensitivity  or  specificity.  Although  this  report 
only  included  four  major  cancer  types  to  demonstrate  the  feasibility  of 
this  method,  it  would  be  important  to  extend  our  approach  to  a  larger 
set  of  samples  from  a  wide  variety  of  common  cancer  types  and 
generate  a  more  comprehensive  cancer  diagnostic  map.  Finally,  a 
more  precise  landscape  of  the  probabilities  and  classification  map  will 
evolve  as  more  samples  are  analyzed. 
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ABSTRACT 

Purpose:  Molecular  approaches  as  supplements  to  cy- 
tological  examination  of  malignant  ascites  may  play  an  im¬ 
portant  role  in  the  clinical  management  of  cancer  patients. 
HLA-G  is  a  potential  tumor-associated  marker  and  that  one 
of  its  isoforms,  HLA-G5,  produces  a  secretory  protein.  This 
study  is  to  assess  the  clinical  utility  of  secreted  HLA-G  levels 
in  differential  diagnosis  of  malignant  ascites. 

Experimental  Design:  We  used  ELISA  to  assess  whether 
secretory  HLA-G  (sHLA-G)  could  serve  as  a  marker  of 
malignant  ascites  in  ovarian  and  hreast  carcinomas,  which 
represent  the  most  common  malignant  tumors  causing  asci¬ 
tes  in  women. 

Results:  On  the  basis  of  immunohistochemistry,  45 
(61%)  of  74  ovarian  serous  carcinomas  and  22  (25%)  inva¬ 
sive  ductal  carcinomas  of  the  hreast  demonstrated  HLA-G 
immunoreactivity  ranging  from  2  to  100%  of  the  tumor 
cells.  HLA-G  staining  was  not  detected  in  a  wide  variety  of 
normal  tissues,  including  ovarian  surface  epithelium  and 
normal  hreast  tissue.  Revese  transcription-PCR  demon¬ 
strated  the  presence  of  HLA-G5  isoform  in  all  of  the  tumor 
samples  expressing  HLA-G.  ELISA  was  performed  to  meas¬ 
ure  the  sHLA-G  in  42  malignant  and  18  henign  ascites 
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supernatants.  sHLA-G  levels  were  significantly  higher  in 
malignant  ascites  than  in  henign  controls  (P  <  0.001).  We 
found  that  the  area  under  the  receiver-operating  character¬ 
istic  curve  for  sHLA-G  was  0.95  for  malignant  versus  henign 
ascites  specimens.  At  100%  specificity,  the  highest  sensitivity 
to  detect  malignant  ascites  was  78%  (95%  confidence  inter¬ 
val,  68-88%)  at  a  cutoff  of  13  ng/ml. 

Conclusions:  Our  findings  suggest  that  measurement  of 
sHLA-G  is  a  useful  molecular  adjunct  to  cytology  in  the 
differential  diagnosis  of  malignant  versus  henign  ascites. 

INTRODUCTION 

Ascites  is  commonly  associated  with  a  variety  of  infectious 
diseases,  inflammatory  disorders,  and  cardiac,  liver,  and  renal 
diseases  as  well  as  benign  and  malignant  neoplasms  (1-3). 
Cytological  examination  of  ascites  is  performed  in  an  effort  to 
diagnose  malignant  tumors,  but  the  sensitivity  of  cytology  has 
been  estimated  to  be  60%  at  best  (4).  The  low  sensitivity  may  be 
because  of  small  numbers  of  tumor  cells  in  the  ascites  or  the 
presence  of  a  large  amount  of  leukocytes,  mesothelial  cells,  and 
blood  that  can  obscure  the  malignant  cells.  For  example,  inflam¬ 
mation  that  is  often  associated  with  a  malignant  ascites  can 
result  in  reactive  changes  in  mesothelial  cells  that  make  their 
morphological  distinction  from  carcinoma  cells  extremely  dif¬ 
ficult  (4).  Thus,  a  molecular  test  that  is  able  to  distinguish 
malignant  from  benign  ascites  could  have  great  diagnostic 
utility. 

HLA-G  is  a  nonclassical  MHC  class  I  antigen  that  interacts 
with  natural  killer  cells  (5).  HLA-G  expression  has  not  been 
detected  in  normal  tissues  except  in  trophoblast  in  placentas 
from  early  gestation  (6-8).  In  contrast,  HLA-G  expression  has 
been  detected  in  several  human  cancers  including  melanoma, 
renal  cell  carcinoma,  breast  carcinoma,  and  large  cell  carcinoma 
of  the  lung  (9-14).  HLA-G  expression  in  cancer  cells  has  been 
shown  to  be  important  for  the  escape  of  immunosurveillance  by 
host  T-lymphocytes  and  natural  killer  cells  (6,  9-11,  15,  16). 
Recently,  an  HLA-G-specific  ELISA  was  developed  to  measure 
sHLA-G,  a  product  of  an  HLA-G5  isoform  (17-19).  Because 
HLA-G  is  not  detected  in  normal  adult  tissues  but  is  expressed 
by  some  carcinomas,  we  hypothesized  that  the  detection  of 
sHLA-G^  using  the  newly  developed  ELISA  might  be  useful  in 
the  detection  of  cancer  in  ascites.  In  this  study,  we  tested  this 
hypothesis  by  assessing  the  expression  pattern  of  HLA-G  in 
women  with  ovarian  serous  carcinomas  and  invasive  ductal 
carcinomas  of  the  breast  because  these  are  the  most  common 
malignant  tumors  in  women  that  produce  ascites.  We  measured 
sHLA-G  in  peritoneal  fluid  supernatant  to  evaluate  its  potential 
as  a  marker  for  malignant  ascites. 


^  The  abbreviations  used  are:  sHLA-G,  secretory  or  soluble  HLA-G;  Cl, 
confidence  interval;  RT-PCR,  reverse  transcription-PCR;  ROC,  receiver 
operating  characteristic  (curve). 
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MATERIALS  AND  METHODS 

Tissue  Samples  and  Ascites  Specimens.  The  acquisi¬ 
tion  of  paraffin  tissues  and  ascites  specimens  was  approved  by 
the  local  Institutional  Review  Boards.  A  total  of  180  formalin- 
fixed,  paraffin-embedded  tissue  samples  including  74  ovarian 
serous  carcinomas,  88  breast  invasive  ductal  carcinomas,  8 
normal  ovaries,  and  10  benign  breast  tissues  were  retrieved  from 
the  surgical  pathology  files.  Peritoneal  fluid  specimens  (3-5  ml) 
were  obtained  from  the  Cytopathology  Division  of  the  Univer¬ 
sity  of  Bonn,  Bonn,  Germany,  and  from  the  Johns  Hopkins 
Medical  Institutions;  they  included  41  cytology-confirmed  ma¬ 
lignant  ascites  samples  (24  ovarian  serous  carcinomas  and  17 
breast  carcinomas)  and  19  cytology-negative  benign  specimens 
in  which  the  patients  did  not  have  concurrent  malignant  dis¬ 
eases.  There  was  a  cytology-false-negative  specimen  that  was 
initially  diagnosed  by  cytopathologists  as  benign,  but  the  pa¬ 
tients  had  stage  III  ovarian  cancer,  and  the  ascites  sample 
contained  ovarian  serous  carcinoma  cells  in  culture  (20).  Thus, 
this  sample  was  later  classified  into  the  ovarian  cancer  group  in 
this  study.  The  ascites  samples  were  centrifuged  at  2000  X  g  for 
5  min  within  6  h  after  collection.  The  supernatant  and  cell 
pellets  were  aliquoted  and  frozen  until  use.  All  of  the  specimens 
were  obtained  from  female  adult  patients. 

Immunohistochemistry  and  Western  Blot  Analysis. 
Expression  of  HLA-G  was  studied  in  surgical  specimens  using 
immunohistochemistry  and  Western  blot  analysis.  Paraffin  sec¬ 
tions  were  used  for  immunohistochemistry  with  an  HLA-G- 
specific  monoclonal  antibody,  4H84  (1:600),  which  reacted  to 
the  denatured  HLA-G  heavy  chain  (6),  followed  by  the  avidin- 
biotin  peroxidase  method  (8,  15).  The  frequency  of  positive 
cells  was  estimated  by  randomly  counting  more  than  500  tumor 
cells  from  three  different  high-power  fields  (X40).  Western  blot 
analysis  was  performed  using  the  4H84  antibody  (1:1000)  on 
five  ovarian  serous  carcinomas  that  showed  positive  HLA-G 
immunostaining,  two  specimens  of  epithelium  isolated  from 
ovarian  serous  cystadenomas,  one  primary  culture  from  normal 
ovarian  surface,  one  sample  of  normal  ovarian  tissue,  and  one 
sample  of  isolated  peripheral  leukocytes.  Similar  amounts  of 
total  protein  from  each  lysate  were  loaded  and  separated  on  12% 
Tris-Glycine-SDS  polyacrylamide  gels  (Novex,  San  Diego,  CA) 
and  electroblotted  to  Millipore  Immobilon-P  polyvinylidene  di¬ 
fluoride  membranes.  Western  blots  were  developed  by  chemi¬ 
luminescence  (Pierce,  Rockford,  IL). 

RT-PCR.  RT-PCR  was  performed  to  validate  the 
HLA-G  expression  and  to  determine  the  isoforms  expressed  in 
a  panel  of  1 1  ovarian  and  5  breast  carcinomas  using  the  protocol 
described  previously  (21).  The  assay  was  not  performed  in  sam¬ 
ples  that  stained  negative  for  the  HLA-G  antibody. 
The  primer  sequences  for  all  of  the  HLA-G  isoforms  were: 
5'-ggaagaggagacacggaaca-3'  and  5'-gcagctccagtgactacagc-3'. 
The  primer  sequences  for  HLA-G5-specific  primers  were: 
5'-accgaccctgttaaaggtctt-3'  and  5'-caatgtggctgaacaaaggagag-3'. 
Total  RNA  was  purified  and  cDNA  was  synthesized  using 
standard  protocols.  Briefly,  frozen  tissues  were  minced  and 
placed  in  the  TRIzol  reagent  (Invitrogen,  Carlsbad,  CA).  Total 
RNA  was  isolated,  and  contaminating  genomic  DNA  was  re¬ 
moved  using  the  DNA-free  kit  (Ambion,  Austin,  TX).  cDNA 
was  prepared  using  oligo(dT)  primers  and  was  diluted  for  PCR. 


H&E-stained  sections  were  prepared  from  a  portion  of  the 
frozen  tumors  and  were  reviewed  by  a  surgical  pathologist 
(I-M.  S.)  to  confirm  the  diagnosis.  The  PCR  products  were 
separated  by  2%  agarose  gels. 

ELISA.  sHLA-G  was  measured  using  ELISA,  which  has 
been  described  previously  by  us  (18,  19).  Briefly,  soluble 
HLA-A,  B,  C,  E  molecules  (sHLA-I)  were  selectively  depleted 
from  samples  using  immunomagnetic  beads  (Dynabeads  M280; 
Dynal,  Hamburg,  Germany)  coupled  with  the  monoclonal  anti¬ 
body  TP25.99.  The  remaining  sHLA-G  molecules  were  meas¬ 
ured  in  an  ELISA  format  using  monoclonal  antibody  W6/32  [0.2 
p.g/ml  in  PBS  (pH  7.2)]  as  the  capture  reagent.  After  the 
blocking  of  free  binding  sites  with  BSA  in  PBS  (2%),  diluted 
samples  (1:2)  were  added  and  incubated  for  1  h  at  room  tem¬ 
perature.  Unbound  antigens  were  removed  by  intensive  washing 
with  PBS-Tween  (0.05%).  Bound  sHLA-G  heavy  chains  were 
detected  by  the  sequential  addition  of  pox-labeled  antihuman 
P2-microglobulin  antiserum  (Dakopatts,  Hamburg,  Germany), 
and  substrate  [0.075%  H2O2,  0.1%  ortho-phenylenediamine  in 
0.035  M  citrate  buffer  (pH  5.0)].  The  absorbance  was  measured 
at  490  nm  (BIO-TEK  Instruments,  Winooski,  VT).  The  intra- 
and  interassay  variations  were  3.5  and  13.1%,  respectively.  The 
sensitivity  of  the  assay  in  detecting  sHLA-G  was  3  ng/ml. 
ELISA  was  performed  in  a  blinded  fashion. 

Statistical  Analysis.  The  feasibility  of  using  sHLA-G 
levels  as  a  diagnostic  tool  for  detecting  malignant  versus  benign 
ascites  was  assessed  using  the  ROC  curve  analysis.  A  ROC 
curve  is  a  graphic  presentation  of  the  sensitivity  against  the 
false-positive  rate  (1 -specificity),  and  the  areas  under  the  ROC 
curves  were  measured  to  evaluate  test  performance  at  different 
thresholds  of  a  diagnostic  measure.  The  test  (one-sided)  of 
the  medians  was  used  to  analyze  the  difference  in  sHLA-G 
levels  in  malignant  versus  benign  ascites  samples.  The  CIs  were 
estimated  for  the  sensitivity  of  the  HLA-G  ELISA. 

RESULTS 

Expression  of  HLA-G  in  Ovarian  and  Breast  Cancer 
Tissues.  Immunohistochemical  analysis  of  ovarian  and  breast 
carcinomas  revealed  HLA-G  immunoreactivity  in  45  (61%)  of 
74  high-grade  ovarian  serous  carcinomas  and  in  22  (25%)  of  88 
invasive  ductal  carcinomas  of  the  breast  (Eig.  1).  The  positive 
tumor  cells  showed  a  discrete  membranous  staining  pattern,  and 
the  proportion  of  positive  cells  varied  from  2  to  100%  in  any 
given  specimen.  HLA-G  staining  was  not  detected  in  low-grade 
ovarian  serous  carcinomas  and  normal  tissues  including  ovarian 
surface  epithelium,  mammary  ducts,  and  lobules.  We  also  as¬ 
sessed  HLA-G  immunoreactivity  in  benign  ovarian  and  breast 
lesions.  HLA-G  expression  was  not  detected  in  8  ovarian  serous 
cystadenomas,  12  ovarian  borderline  tumors  (atypical  prolifer¬ 
ative  serous  tumors  and  noninvasive  micropapillary  serous  car¬ 
cinomas),  nor  10  intraductal  hyperplasias  of  the  breast.  Only 
rare  HLA-G-positive  tumor  cells  were  identified  in  2  of  10 
intraductal  carcinomas  of  the  breast.  The  specificity  of  HLA-G 
immunostaining  was  confirmed  by  Western  blot  analysis  and 
RT-PCR  as  shown  in  Fig.  2.  A  39  kDa  band  corresponding  to 
the  HLA-G  protein  was  identified  in  five  ovarian  serous  carci¬ 
nomas  but  not  in  two  ovarian  cystadenomas,  ovarian  surface 
epithelium,  and  stroma.  RT-PCR  was  performed  in  ovarian 
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Fig.  2  Western  blot  analysis.  A,  a  39  kDa  band  corresponding  to 
HLA-G  protein  is  demonstrated  in  all  five  of  the  ovarian  serous  carci¬ 
nomas  (SC)  and  the  positive  control,  JEG3  choriocarcinoma  cell  line, 
but  not  in  peripheral  leukocytes  (LC),  normal  ovarian  stromal  tissue 
(NO),  ovarian  surface  epithelium  (OSE),  and  cyst  epithelium  (Cyst) 
from  two  ovarian  serous  cystadenomas.  B,  RT-PCR.  HLA-G5  PCR 
products  were  present  in  three  ovarian  cancer  tissues  that  express 
HLA-G  using  immunohistochemistry  hut  not  in  two  ovarian  serous  cysts 
that  fail  to  show  HLA-G  immunostaining.  M,  1-Kh  DNA  marker. 


serous  carcinomas  and  invasive  ductal  carcinomas  of  the  breast 
using  primers  that  amplified  all  HLA-G  isoforms.  The  PCR 
products  were  isolated  by  electrophoresis  to  reveal  a  predomi¬ 
nance  of  the  HLA-G  1  and  G5  isoforms.  HLA-G5  RNA  tran¬ 
script,  a  secretory  isoform,  was  specifically  amplified  using  the 
HLA-G5-specific  primers  in  all  five  of  the  representative  ovar¬ 
ian  serous  carcinomas  and  in  the  two  invasive  ductal  carcinomas 
of  breast  that  expressed  HLA-G  (Fig.  2).  This  finding  prompted 
us  to  assess  whether  sHLA-G  could  be  detected  in  peritoneal 
fluid  samples  in  ovarian  and  breast  cancer  patients. 

Measurement  of  sHLA-G  in  Ascites  Specimens. 
sHLA-G  levels  were  measured  in  the  supernatant  of  ascites  from 
60  samples  using  ELISA.  All  but  one  malignant  ascites  super¬ 
natant  contained  detectable  sHLA-G,  including  one  specimen 
that  had  been  missed  on  cytology  (20).  In  contrast,  7  of  18 
benign  specimens  contained  detectable  but  low  levels  of 
sHLA-G.  As  shown  in  Fig.  3,  the  levels  of  sHLA-G  were 
significantly  higher  in  malignant  as  compared  with  benign  as¬ 
cites  (P  <  0.001).  Among  11  benign  ascites  specimens  with 
undetectable  sHLA-G,  2  were  obtained  from  patients  with  ovar¬ 
ian  serous  cystadenomas  that  could  be  confused  with  ovarian 
cancer  on  clinical  examination.  The  remaining  seven  benign 
samples  with  detectable  sHLA-G  were  from  patients  with  non¬ 
neoplastic  diseases  including  liver,  cardiac,  and  renal  diseases. 


Breast  carcinoma 


Fig.  1  HLA-G  expression  based  on  immuno¬ 
histochemistry  in  ovarian  serous  carcinomas  and 
breast  ductal  carcinomas.  HLA-G  immunoreac- 
tivity  is  predominantly  localized  in  the  cell 
membrane  of  tumor  cells  (inset)  in  ovarian  se¬ 
rous  carcinoma  and  breast  ductal  carcinoma. 
There  is  no  detectable  HLA-G  immunoreactivity 
in  ovarian  surface  epithelium  of  normal  ovary 
and  normal  breast  tissue.  The  stromal  cells  and 
inflammatory  cells  are  negative. 
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Fig.  3  Scatter  plot  showing  sHLA-G  concentrations  in  a  total  of  60 
ascites  samples  as  determined  by  ELISA.  All  of  the  25  ovarian  cancer 
(OVCA)  patients  (□)  and  16  of  17  breast  cancer  (BRCA)  patients  (•) 
have  detectable  HLA-G  levels.  Long  arrow,  the  patient  with  malignant 
ascites  but  with  a  negative  cytology.  In  contrast,  7  of  1 8  benign  ascitic 
fluid  samples  in  the  age-matched  control  group  (A)  has  a  detectable  but 
low  HLA-G  level.  Short  arrows,  the  two  patients  with  ovarian  cystade¬ 
nomas.  As  compared  with  benign  group,  the  levels  of  sHLA-G  are 
significantly  higher  in  ovarian  (P  <  0.001)  and  breast  cancer  groups 
(P  <  0.001).  solid  line,  an  arbitrary  cutoff  (13  ng/ml)  to  give  100% 
specificity  in  diagnosing  malignant  ascites. 


ROC  curves  were  used  to  evaluate  the  performance  of 
sHLA-G  in  detecting  ovarian  and  breast  cancer  in  ascites  using 
multiple  cutoff  values.  The  area  under  the  ROC  curve  was  0.95 
in  assessing  sHLA-G  levels  as  the  diagnostic  tool  to  detect 
ovarian  and  breast  cancer.  More  specifically,  the  areas  under  the 
ROC  curve  were  0.99  and  0.90  for  ovarian  cancer  versus  benign 
samples  and  breast  cancer  versus  benign  samples,  respectively 
(Fig.  4).  Given  100%  specificity,  the  highest  sensitivity 
achieved  to  detect  cancer  was  78%  (95%  Cl,  68-88%)  at  a 
cutoff  of  13  ng/ml.  The  sensitivity  to  diagnose  ovarian  cancer 
and  breast  cancer  was  84%  (95%  Cl,  70-98%)  and  65%  (95% 
Cl,  42-87%),  respectively,  at  this  arbitrary  cutoff.  With  a  spec¬ 
ificity  of  94.4%,  the  sensitivity  was  100%  (95%  Cl,  100%)  and 
71%  (95%  Cl,  49-93%)  for  ovarian  cancer  and  breast  cancer, 
respectively. 

Correlation  of  HLA-G  expression  in  tissue  or  ascites  cell 
pellets  and  the  sHLA-G  level  in  ascites  supernatants  was  per¬ 
formed  in  31  patients  as  the  corresponding  surgical  specimens 
or  cell  pellets  were  available  for  analysis.  In  21  malignant 
ascites  samples  with  detectable  sHLA-G,  HLA-G  expression 
was  demonstrated  in  12  tissue  specimens  and  ascites  cell  pellets 
by  immunohistochemistry  or  Western  blot  analysis  (data  not 
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Fig.  4  ROC  curve  analysis  based  on  60  samples  to  assess  the  perform¬ 
ance  of  sHLA-G  levels  in  diagnosing  malignant  ascites.  The  area  under 
the  ROC  curve  assessing  sHLA-G  levels  as  the  diagnostic  tool  to  detect 
ovarian  and  breast  cancer  is  0.95.  Specifically,  the  areas  under  the  ROC 
curve  are  0.99  and  0.90  for  ovarian  cancer  versus  benign  samples  and 
breast  cancer  versus  benign  samples,  respectively.  O:  ovarian  cancer;  B, 
breast  cancer;  OB,  ovarian  and  breast  cancer. 


shown).  In  10  benign  ascites  samples  (5  with  detectable  sHLA- 
G),  there  was  no  HLA-G  expression  detectable  in  ascites  cell 
pellets  using  Western  blot  analysis. 

DISCUSSION 

The  results  of  this  study  provide  evidence  that  HLA-G  is 
expressed  in  ovarian  and  breast  carcinomas  and  that  measure¬ 
ment  of  sHLA-G  using  ELISA  is  a  highly  sensitive  technique  to 
diagnose  malignant  ascites.  Ninety-eight  %  of  specimens  with 
malignant  cells,  identified  by  cytology,  had  detectable  sHLA-G 
levels.  In  addition,  sHLA-G  was  detected  in  one  specimen  that 
was  ultimately  shown  to  be  a  false-negative  case  by  cytological 
examination.  The  areas  under  the  ROC  curve  were  0.99  and  0.90 
for  ovarian  cancer  versus  benign  samples  and  breast  cancer 
versus  benign  samples,  respectively.  The  better  performance  of 
sHLA-G  in  detecting  ovarian  cancer  as  compared  with  breast 
cancer  is  consistent  with  our  immunohistochemical  findings  that 
ovarian  cancers  express  HLA-G  more  frequently  than  breast 
cancers. 

How  does  HLA-G  compare  with  other  soluble  tumor- 
associated  markers  in  diagnosing  malignant  ascites?  Several 
protein  markers  have  been  studied  including  CA125  (22),  tissue 
polypeptide-specific  antigen,  soluble  interleukin-2  receptor  a 
(23),  soluble  aminopeptidase  N/CD13  (24),  a-fetoprotein  (25), 
carcinoembryonic  antigen,  CA  19-9,  CA  15-3  (25),  and  several 
cytokines  (26),  but  none  are  specific  enough  for  cancer  diagno¬ 
sis  because  a  variety  of  normal  tissues,  benign  tumors,  and 
nonneoplastic  diseases  also  express  these  markers  (24,  27-28). 
Using  a  cutoff  value  to  achieve  >90%  specificity  in  detecting 
malignant  ascites,  the  sensitivity  of  these  markers  was  generally 
very  low  and,  therefore,  unacceptable  for  clinical  application.  In 
contrast,  HLA-G  has  very  limited  tissue  distribution  because 
only  a  subpopulation  of  trophoblast  (intermediate  trophoblast)  is 
known  to  express  this  molecule  (7,  8)  suggesting  that  sHLA-G 
would  be  more  specific  for  cancer  diagnosis.  The  findings  in  this 
study  confirm  this  impression  because  the  HLA-G  ELISA 


achieved  a  sensitivity  of  78%  and  a  specificity  of  100%  for 
diagnosing  malignant  ascites  at  a  cutoff  of  13  ng/ml. 

The  finding  that  almost  all  of  the  malignant  ascites  samples 
contained  detectable  sHLA-G  contrasted  with  the  lower  rate  of 
HLA-G  expression  in  the  tumors  based  on  immunohistochem- 
istry,  because  61%  of  ovarian  and  only  25%  of  breast  cancer 
tissue  specimens  were  positive.  In  addition,  some  malignant 
ascites  supernatants  contained  elevated  sHLA-G  levels,  whereas 
HLA-G  immunoreactivity  was  not  detected  in  the  corresponding 
tissue  specimens  and  cell  pellets  from  ascites  by  immunohisto- 
chemistry.  This  discordant  finding  can  be  explained  by  the  fact 
that  HLA-G  is  only  focally  expressed  in  most  tumors  and, 
therefore,  may  be  undetected  in  representative  tissue  specimens 
selected  for  immunostaining  or  immunoblotting.  It  is  likely  that 
carcinoma  cells  in  ascitic  fluid  secrete  sHLA-G,  resulting  in 
high  sHLA-G  levels  in  ascites.  If  only  a  few  tumor  cells  are 
present  in  the  peritoneal  fluid  they  may  not  be  detected  by 
cytology.  Although  these  are  our  favorite  explanations,  other 
possibilities,  albeit  unlikely,  should  be  also  pointed  out.  For 
example,  sHLA-G  is  expressed  by  other  tissues  in  response  to 
malignant  diseases.  The  low  level  of  sHLA-G  in  benign  ascites 
may  be  attributable  to  nonspecific  binding  (background  noise) 
of  the  antibody  used  in  the  ELISA.  Alternatively,  there  may  be 
unknown  tissue  resources  that  express  sHLA-G  and  contribute 
to  the  low  level  of  sHLA-G  in  ascites  samples. 

In  summary,  HLA-G  is  a  tumor-associated  molecule  that  is 
expressed  by  ovarian  serous  carcinoma  and  ductal  carcinomas 
of  the  breast,  the  most  common  malignant  tumors  that  produce 
ascites  in  women.  Malignant  ascites  specimens  contained  much 
higher  levels  of  sHLA-G  than  the  benign  ascites  specimens.  The 
detection  of  sHLA-G  in  ascitic  fluid  may  provide  a  novel 
molecular  approach  to  supplement  cytological  examination  in 
the  evaluation  of  ascites.  It  should  be  noted  that  the  sensitivity 
of  sHLA-G  ELISA  to  diagnose  malignant  ascites  may  not  be  as 
high  as  shown  in  this  study  because  the  threshold  to  distinguish 
benign  and  malignant  ascites  could  be  higher  than  13  ng/ml  after 
a  larger  number  of  benign  samples  are  analyzed.  In  order  for  this 
new  marker  to  have  clinical  utility,  several  issues  must  be 
addressed.  Although  the  sensitivity  of  sHLA-G  ELISA  in  diag¬ 
nosing  malignant  ascites  in  this  study  was  78%  with  100% 
specificity,  higher  sensitivity  would  be  desirable.  Sensitivity 
could  be  improved  by  combining  the  measurement  of  sHLA-G 
with  other  tumor-associated  markers  (20,  29).  It  will  be  neces¬ 
sary  to  compare  the  performance  of  the  sHLA-G  ELISA  and 
routine  cytological  examination  by  testing  a  large  number  of 
cytology-negative  but  biopsy-positive  samples.  It  will  also  be 
important  to  address  how  age,  menopausal  status,  histological 
grade  and  other  clinical  parameters  affect  HLA-G  levels  in 
ascites.  Lastly,  the  potential  use  of  sHLA-G  in  other  body  fluids 
such  as  plasma  should  be  further  investigated. 

ACKNOWLEDGMENTS 

We  thank  John  Lauro  at  the  Johns  Hopkins  Medical  Institutions  for 
his  excellent  technical  support.  This  study  is  in  memory  of  Dr.  Frederick 
J.  Montz  of  the  Kelly  Gynecologic  Oncology  Service  at  Johns  Hopkins 
Hospital. 


4464  HLA-G:  A  Potential  Tumor  Marker  in  Malignant  Ascites 


REFERENCES 

1.  Senger,  D.  R.,  Galli,  S.  J.,  Dvorak,  A.  M.,  Perruzzi,  C.  A.,  Harvey, 

V.  S.,  and  Dvorak,  H.  F.  Tumor  cells  secrete  a  vascular  permeability 
factor  that  promotes  accumulation  of  ascites  fluid.  Science  (Wash.  DC), 
219:  983-985,  1983. 

2.  Nagy,  J.  A.,  Herzberg,  K.  T.,  Dvorak,  J.  M.,  and  Dvorak,  H.  F. 
Pathogenesis  of  malignant  ascites  formation:  initiating  events  that  lead 
to  fluid  accumulation.  Cancer  Res.,  53:  2631-2643,  1993. 

3.  Garrison,  R.  N.,  Galloway,  R.  H.,  and  Heuser,  L.  S.  Mechanisms  of 
malignant  ascites  production.  J.  Surg.  Res.,  42:  126—132,  1987. 

4.  Motherby,  H.,  Nadjari,  B.,  Friegel,  P.,  Kohaus,  J.,  Ramp,  U.,  and 
Docking,  A.  Diagnostic  accuracy  of  ascites  cytology.  Diagn.  Cyto- 
pathol.,  20:  350-357,  1999. 

5.  van  der  Ven,  K.,  Pfeiffer,  K.,  and  Skrablin,  S.  HLA-G  polymor¬ 
phisms  and  molecule  function — questions  and  more  questions — a  re¬ 
view.  Placenta,  21  (Suppl.  A).'  S86-S92,  2000. 

6.  McMaster,  M.,  Zhou,  Y.,  Shorter,  S.,  Kapasi,  K.,  Geraghty,  D.,  Lim, 
K.  H.,  and  Fisher,  S.  HLA-G  isoforms  produced  by  placental  cytotro- 
phoblasts  and  found  in  amniotic  fluid  are  due  to  unusual  glycosylation. 

J.  Immunol.,  160:  5922-5928,  1998. 

7.  McMaster,  M.  T.,  Librach,  C.  L.,  Zhou,  Y.,  Lim,  K.  H.,  Janatpour, 
M.  J.,  DeMars,  R.,  Kovats,  S.,  Damsky,  C.  S.,  and  Fisher,  S.  J.  Human 
placental  HLA-G  expression  is  restricted  to  differentiated  cytotropho- 
blasts.  J.  Immunol.,  154:  3771-3778,  1995. 

8.  Singer,  G.,  Kurman,  R.  J.,  McMaster,  M.,  and  Shih,  I-M.  HLA-G 
immunoreactivity  is  specific  for  intermediate  trophoblast  in  gestational 
trophoblastic  disease  and  can  serve  as  a  useful  mai'ker  in  differential 
diagnosis.  Am.  J.  Surg.  Pathol.,  26:  914-920,  2002. 

9.  Paul,  P.,  Rouas-Freiss,  N.,  Khalil-Daher,  I.,  Moreau,  P.,  Riteau,  B., 
Le  Gal,  F.  A.,  Avril,  M.  F.,  Dausset,  J.,  and  Guillet,  J.  G.  HLA-G 
expression  in  melanoma:  a  way  for  tumor  cells  to  escape  from  immu- 
nosurveillance.  Proc.  Natl.  Acad.  Sci.  USA,  95:  4510-4515,  1998. 

10.  Ibrahim,  E.  C.,  Guen'a,  N.,  Lacombe,  M.  J.,  Angevin,  E.,  Chouaib, 
S.,  Carosella,  E.  D.,  Caignard,  A.,  and  Paul,  P.  Tumor-specific  up- 
regulation  of  the  nonclassical  class  I  HLA-G  antigen  expression  in  renal 
carcinoma.  Cancer  Res.,  61:  6838-6845,  2001. 

11.  Urosevic,  M.,  KuiTer,  M.  O.,  Kamarashev,  J.,  Mueller,  B.,  Weder, 

W. ,  Burg,  G.,  Stahel,  R.  A.,  Dummer,  R.,  and  Trojan,  A.  Human 
leukocyte  antigen  G  up-regulation  in  lung  cancer  associates  with  high- 
grade  histology,  human  leukocyte  antigen  class  I  loss  and  interleukin- 10 
production.  Am.  J.  Pathol.,  159:  817-824,  2001. 

12.  Polakova,  K.,  and  Russ,  G.  Expression  of  the  non-classical  HLA-G 
antigen  in  tumor  cell  lines  is  extremely  restricted.  Neoplasma,  47: 
342-348,  2000. 

13.  Davies,  B.,  Hiby,  S.,  Gardner,  L.,  Loke,  Y.  W.,  and  King,  A. 
HLA-G  expression  by  tumors.  Am.  J.  Reprod.  Immunol.,  45:  103-107, 
2001. 

14.  Real,  L.  M.,  Cabrera,  T.,  Collado,  A.,  Jimenez,  P.,  Garcia,  A., 
Ruiz-Cabello,  F.,  and  Garrido,  F.  Expression  of  HLA  G  in  human 
tumors  is  not  a  frequent  event.  Int.  J.  Cancer,  81:  512-518,  1999. 

15.  Lefebvre,  S.,  Antoine,  M.,  Uzan,  S.,  McMaster,  M.,  Dausset,  J., 
Carosella,  E.  D.,  and  Paul,  P.  Specific  activation  of  the  non-classical 
class  I  histocompatibility  HLA-G  antigen  and  expression  of  the  ILT2 
inhibitory  receptor  in  human  breast  cancer.  J.  Pathol.,  196:  266-274, 
2002. 


16.  Urosevic,  M.,  Willers,  J.,  Mueller,  B.,  Kempf,  W.,  Burg,  G.,  and 
Dummer,  R.  HLA-G  protein  up-regulation  in  primary  cutaneous  lym¬ 
phomas  is  associated  with  interleukin- 10  expression  in  large  cell  T-cell 
lymphomas  and  indolent  B-cell  lymphomas.  Blood,  99:  609—617,  2002. 

17.  Paul,  P.,  Cabestre,  F.  A.,  Ibrahim,  E.  C.,  Lefebvre,  S.,  Khalil-Daher, 
I.,  Vazeux,  G.,  Quiles,  R.  M.,  Bermond,  F.,  Dausset,  J.,  and  Carosella, 
E.  D.  Identification  of  HLA-G7  as  a  new  splice  variant  of  the  HLA-G 
mRNA  and  expression  of  soluble  HLA-G5,  -G6,  and  -G7  transcripts  in 
human  transfected  cells.  Hum.  Immunol.,  61:  1138-1149,  2000. 

18.  Rebmann,  V.,  Pfeiffer,  K.,  Passler,  M.,  Ferrone,  S.,  Maier,  S., 
Weiss,  E.,  and  Grosse-Wilde,  H.  Detection  of  soluble  HLA-G  molecules 
in  plasma  and  amniotic  fluid.  Tissue  Antigens,  53:  14-22,  1999. 

19.  Ugurel,  S.,  Rebmann,  V.,  Ferrone,  S.,  Tilgen,  W.,  Grosse-Wilde,  H., 
and  Reinhold,  U.  Soluble  human  leukocyte  antigen-G  serum  level  is 
elevated  in  melanoma  patients  and  is  further  increased  by  interferon-a 
immunotherapy.  Cancer  (Phila.),  92:  369-376,  2001. 

20.  Chang,  H-W,  Ali,  S.  Z.,  Cho,  S.  K.  R.,  Kurman,  R.  J.,  and  Shih, 
I-M.  Detection  of  allelic  imbalance  in  ascitic  supernatant  by  Digital  SNP 
analysis.  Clin.  Cancer  Res.,  8:  2580-2585,  2002. 

21.  Moirison,  T.  B.,  Weis,  J.  J.,  and  Wittwer,  C.  T.  Quantification  of 
low-copy  transcripts  by  continuous  SYBR  Green  I  monitoring  during 
amplification.  Biotechniques,  24:  954-958,  960,  962,  1998. 

22.  Sevinc,  A.,  Said,  R.,  and  Buyukberber,  S.  Cancer  antigen  125:  tumor 
or  serosal  marker  in  case  of  ascites?  Arch.  Intern.  Med.,  161:  2507- 
2508,  2001. 

23.  Sedlaczek,  P.,  Frydecka,  I.,  Gabrys,  M.,  Van  Dalen,  A.,  Einarsson, 
R.,  and  Harlozinska,  A.  Comparative  analysis  of  CA125,  tissue  polypep¬ 
tide  specific  antigen,  and  soluble  interleukin-2  receptor  a  levels  in  sera, 
cyst,  and  ascitic  fluids  from  patients  with  ovarian  carcinoma.  Cancer 
(Phila.),  95:  1886-1893,  2002. 

24.  van  Hensbergen,  Y.,  Broxterman,  H.  J.,  Hanemaaijer,  R.,  Joma, 
A.  S.,  van  Lent,  N.  A.,  Verheul,  H.  M.  W.,  Pinedo,  H.  M.,  and  Hoekman, 

K.  Soluble  aminopeptidase  N/CD13  in  malignant  and  nonmalignant 
ascites  and  intratumoral  fluid.  Clin.  Cancer  Res.,  8:  3747-3754,  2002. 

25.  Sari,  R.,  Yildirim,  B.,  Sevinc,  A.,  Bahceci,  F.,  and  Hilmioglu,  F. 
The  importance  of  seium  and  ascites  fluid  alpha-fetoprotein,  carcino- 
embryonic  antigen,  CA  19-9,  and  CA  15-3  levels  in  differential  diag¬ 
nosis  of  ascites  etiology.  Hepatogastroenterology,  48:  1616-1621, 
2001. 

26.  Punnonen,  R.,  Teisala,  K.,  Kuoppala,  T.,  Bennett,  B.,  and  Pun- 
nonen,  J.  Cytokine  production  profiles  in  the  peritoneal  fluids  of  patients 
with  malignant  or  benign  gynecologic  tumors.  Cancer  (Phila.),  83: 
788-796,  1998. 

27.  Shahab,  N.  Tumor  markers  in  malignant  ascites.  Arch.  Intern.  Med., 
162:  949-950,  2002. 

28.  Topalak,  O.,  Saygili,  U.,  Soyturk,  M.,  Karaca,  N.,  Batur,  Y.,  Uslu, 
T.,  and  Erten,  O.  Serum,  pleural  ascites,  and  ascites  CA-125  levels  in 
ovarian  cancer  and  nonovarian  benign  and  malignant  diseases:  a  com¬ 
parative  study.  Gynecol.  Oncol.,  85:  108-113,  2002. 

29.  Shih,  I-M.,  Sokoll,  L.  J.,  and  Chan,  D.  W.  Tumor  markers  in  ovaiian 
cancer.  In:  E.  P.  Diamandis,  H.  A.  Fritsche,  H.  Lilja,  D.  W.  Chan,  and 
M.  K.  Schwartz  (eds.).  Tumor  Markers  physiology,  Pathobiology,  Tech¬ 
nology  and  Clinical  Applications,  pp.  239-252.  Philadelphia:  AACC 
Press,  2002. 


Human  Cancer  Biology 


Molecular  Pathogenesis  of  Ovarian  Borderline  Tumors: 
New  Insights  and  Old  Challenges 

le-Ming  Shih  and  Robert  J.  Kurman 


Abstract  Ovarian  borderline  (low  malignant  potential)  tumors  are  a  puzzling  group  of  neoplasms  that  do  not 
fall  neatly  into  benign  or  malignant  categories.  Their  behavior  is  enigmatic,  their  pathogenesis 
unclear,  and  their  clinical  management  controversial,  especially  for  serous  borderline  tumors 
(SET),  the  most  common  type  of  ovarian  borderline  tumor.  Clarifying  the  nature  of  borderline 
tumors  and  their  relationship  to  invasive  carcinoma  has  puzzled  investigators  since  the  category 
was  created  over  30  years  ago.  Much  of  the  confusion  and  controversy  concerning  these  tumors 
is  due  to  a  lack  of  understanding  of  their  pathogenesis  and  an  absence  of  a  model  for  the  develop¬ 
ment  of  ovarian  carcinoma.  This  review  summarizes  recent  molecular  studies  of  ovarian  borderline 
tumors  with  special  emphasis  on  the  role  of  SET  in  tumor  progression  and  its  relationship  to 
ovarian  serous  carcinoma. 


Ovarian  cancer  is  composed  of  a  heterogeneous  group  of 
tumors  that  are  derived  from  the  surface  epithelium  of  the 
ovary  or  from  surface  inclusions.  They  are  classified  into  serous, 
mucinous,  endometrioid,  clear  cell,  and  Brenner  (transitional) 
types  corresponding  to  the  different  types  of  epithelia  in  the 
organs  of  the  female  reproductive  tract  (1-3).  Each  histologic 
subcategory  is  further  divided  into  three  groups:  benign, 
intermediate  (borderline  tumor),  and  malignant,  reflecting 
their  clinical  behavior  (1).  In  developed  countries,  serous 
tumors  account  for  about  60%  of  all  ovarian  epithelial  tumors; 
therefore,  serous  borderline  tumors  (SBT)  are  the  major  focus 
of  this  review. 

The  modern  history  of  SBTs  begins  in  the  1950s  and  1960s 
when  investigators  from  the  United  States  and  Europe 
recognized  that  there  was  a  subset  of  serous  carcinomas  that 
had  a  significantly  better  prognosis  even  when  they  presented 
as  advanced  stage  tumors  and  were  inadequately  treated  (4). 
The  International  Federation  of  Gynecology  and  Obstetrics 
in  1971  and  subsequently  the  WHO  in  1973  therefore 
created  a  separate  category  for  these  tumors,  designating  them 
"borderline"  or  "low  malignant  potential"  (5).  In  addition, 
because  women  with  advanced-stage  borderline  tumors  had  a 
very  good  prognosis,  extraovarian  lesions  were  classified  as 
"implants"  rather  than  metastases.  The  biggest  challenge  in 
the  management  of  women  with  these  tumors  is  to  identify 
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the  subset  that  will  behave  in  a  malignant  fashion  and  to 
develop  effective  treatment  for  them.  This  challenge  can  only 
be  addressed  if  the  pathogenesis  of  these  tumors  is 
elucidated. 

Molecular  Studies  of  Ovarian  Borderline  Tumors 

Ovarian  serous  carcinoma  has  been  traditionally  graded  as 
well  differentiated,  moderately  differentiated,  and  poorly 
differentiated,  implying  that  serous  carcinoma  begins  as  a 
well-differentiated  neoplasm  that  progresses  over  time  to  a 
poorly  differentiated  tumor.  The  recent  molecular  studies 
summarized  below,  however,  have  challenged  this  view  and 
offered  an  alternative  "dualistic"  model  of  serous  carcino¬ 
genesis. 

Molecular  genetic  findings.  Molecular  genetic  studies  aimed 
at  delineating  the  pathogenesis  of  SBTs  have  highlighted  the 
importance  of  the  KRAS  signaling  pathway.  Activating  muta¬ 
tions  in  KRAS  and  one  of  its  downstream  mediators,  BRAE, 
have  been  identified  in  a  variety  of  human  cancers,  and 
mutations  of  either  KRAS  or  BRAE  result  in  constitutive 
activation  of  the  RAS/RAF/mitogen-activated  protein  kinase 
(MARK)  kinase  (MEK)/MAPK  signaling  pathway  (6).  KRAS 
mutations  were  first  reported  in  SBT  by  Mok  et  al.  (7).  Recent 
studies  have  verified  the  original  finding  and  further  showed 
that  mutations  in  KRAS  and  BRAE  characterize  SBTs  and  low- 
grade  serous  carcinomas  (8-11).  Mutations  in  either  codons  1 2 
and  13  of  KRAS  or  codon  599  of  BRAE  occur  in  two  thirds  of 
SBT  and  low-grade  serous  carcinomas  (8,  9).  In  contrast,  none 
of  the  112  high-grade  serous  carcinomas  (usual  type  of  serous 
carcinoma)  that  we  have  analyzed  contained  KRAS  or  BRAE 
mutations.  These  findings  provide  compelling  evidence  indi¬ 
cating  that  KRAS  and  BRAE  mutations  are  predominantly 
confined  to  low-grade  serous  ovarian  carcinomas  and  their 
putative  precursor,  SBTs.  The  frequent  mutations  in  KRAS  and 
BRAE  in  SBTs  in  the  progression  of  low-grade  ovarian  serous 
carcinoma  tumor  are  analogous  to  melanoma  and  colorectal 
carcinoma  in  which  mutations  in  RAS  (KRAS  in  colorectal 
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tumor  and  NRAS  in  melanoma)  and  BRAF  genes  also  occur  in 
their  preinvasive  stages,  nevus  and  adenomatous  polyp, 
respectively  (12-15).  Thus,  it  is  likely  that  mutations  in  RAS 
and  RAP  genes  are  involved  in  early  tumorigenesis,  but  the 
mutations  are  not  sufficient  for  a  malignant  transformation. 
Interestingly,  none  of  these  three  t5?pes  of  tumor  that  were 
analyzed  showed  mutations  in  both  RAS  and  BRAF  and  lends 
further  support  to  the  view  that  RAS  and  BRAF  mutations  have 
an  equivalent  effect  on  tumorigenesis.  In  view  of  the  absence  of 
KRAS  and  BRAF  mutations  in  high-grade  serous  carcinoma,  it 
would  seem  that  the  development  of  high-grade  serous 
carcinoma  involves  a  pathway  not  related  to  the  mutations  in 
the  RAS/RAF/MEK/MAPK  signaling  pathway.  This  conclusion  is 
supported  by  the  finding  of  p53  mutations  in  >50%  of  high- 
grade  ovarian  serous  carcinomas  and  the  rare  finding  of  mutant 
p53  in  SBTs  and  low-grade  serous  carcinomas  (16,  17). 

Two  recent  studies  have  employed  mutational  analysis  to 
characterize  the  early  molecular  genetic  events  in  the  develop¬ 
ment  of  SBTs.  In  one  study,  30  consecutive  serous  cystadeno- 
mas,  the  putative  precursor  of  SBTs,  were  analyzed  for  KRAS 
and  BRAF  mutations  and  none  were  found  (18).  A  subsequent 
study  that  analyzed  eight  serous  cystadenomas  containing  small 
SBTs  compared  the  mutational  status  of  KRAS  and  BRAF  in  the 
SBT  and  the  adjacent  epithelium  from  the  cystadenoma  (19).  It 
was  found  that  four  SBTs  contained  activating  KRAS  mutations 
at  codon  12  and  three  SBTs  contained  mutant  BRAF  at  codon 
599.  One  case  contained  wild-type  KRAS  and  BRAF.  Moreover, 
the  mutation  detected  in  the  SBT  component  of  the  tumor  was 
identical  to  the  mutation  in  the  cystadenoma  epithelium 
adjacent  to  the  SBTs  in  86%  of  informative  cases.  Unlike  SBTs, 
cystadenoma  epithelium  lacks  cytologic  atypia.  These  findings 
have  several  important  implications  in  thus  far  as  the 
pathogenesis  of  SBT  is  concerned.  First,  they  suggest  that 
mutations  of  KRAS  and  BRAF  are  early  events  associated  with 
tumor  initiation  as  occurs  in  melanoma  (14)  and  colorectal 
carcinoma  (20).  Moreover,  it  would  seem  that  they  precede  the 
development  of  a  SBT  indicating  that  some  cystadenomas  are 
precursors  of  SBTs.  Second,  the  frequency  of  mutations  in  KRAS 
and  BRAF  in  cystadenomas  associated  with  SBTs  was  signifi¬ 
cantly  higher  than  those  without  SBTs.  This  finding  together 
with  the  fact  that  SBTs  are  relatively  uncommon  compared  with 
cystadenomas  (1,  21-24)  suggests  that  only  a  small  proportion 
of  serous  cystadenomas  are  neoplastic  with  the  potential  to 
progress  to  SBTs. 

The  biological  effects  and  clinical  implication  of  KRAS  and 
BRAF  mutations  in  serous  borderline  tumor.  The  biological 
effects  of  mutations  in  KRAS  and  BRAF  in  the  development  of 
low-grade  carcinoma  are  likely  mediated  by  the  constitutive 
activation  of  MARK,  the  downstream  target  of  the  KRAS/BRAF/ 
MEK/MAPK  (extracellular  signal-regulated  kinase)  signaling 
pathway  (25).  This  is  supported  by  the  observation  that 
activating  mutations  in  these  genes  are  oncogenic  in  experi¬ 
mental  cell  culture  systems  (12,  26,  27)  probably  through  a 
constitutive  activation  of  MARK  which  in  turn  regulate  many 
downstream  targets  that  are  important  for  tumor  development 
(28,  29).  It  should  be  noted  that  activated  MARK  or 
extracellular  signal-regulated  kinase  can  also  be  observed  in 
conventional  high-grade  serous  carcinomas  probably  through 
an  epigenetic  mechanism  other  than  activating  mutations  of 
KRAS  and  BRAF  (25,  30),  because  mutations  in  both  genes  are 
rarely  found  in  high-grade  serous  carcinomas. 


What  is  the  biological  significance  of  activation  in  the  MARK 
signaling  pathway  in  SBT  and  low-grade  serous  carcinoma? 
Pohl  et  al.  applied  long  serial  analysis  of  gene  expression  to 
identify  genes  that  are  regulated  by  activated  MARK  in  low- 
grade  serous  carcinoma  cells  that  harbor  a  BRAF  mutation  (31). 
The  transcriptome  of  these  cells  was  compared  with  that  of  CI- 
1040-treated  cells,  a  compound  that  selectively  inhibits  MEK, 
the  upstream  regulator  of  MARK  (28).  The  most  striking 
changes  after  MEK  inhibition  were  down-regulation  of  cyclin 
Dl,  COBRAl,  and  transglutaminase-2  and  up-regulation  of 
tumor  necrosis  factor- related  apoptosis-inducing  ligand, 
thrombospondin- 1,  optineurin,  and  palladin.  Among  all  the 
differentially  expressed  genes,  cyclin  Dl  showed  the  greatest 
alteration  of  gene  expression.  Cyclin  Dl  plays  an  important 
role  in  the  cell  cycle  transition  from  Gi  to  S  phase  through  its 
association  with  cyclin-dependent  kinases  4  and  6  (32,  33).  In 
ovarian  tumors,  overexpression  of  cyclin  D 1  is  associated  with 
low-grade  tumors  (34-36),  a  finding  consistent  with  our  view 
that  cyclin  D 1  is  a  downstream  target  of  active  MARK,  which  is 
constitutively  expressed  in  most  low-grade  ovarian  tumors 
because  of  frequent  activating  mutations  in  KRAS  and  BRAF. 
Future  experiments  are  necessary  to  determine  whether 
mutations  of  KRAS  and  BRAF  are  sufficient  to  initiate  the 
development  of  SBTs  or  whether  additional  genetic  "hits"  are 
required  in  tumorigenesis. 

Because  Cl- 1040  can  inhibit  the  KRAS/BRAF/MEK/MARK 
pathway,  it  is  likely  that  this  compound  and  other  emerging 
MEK  inhibitors  may  be  an  effective  therapeutic  agent  for 
patients  with  SBTs  and  low-grade  serous  carcinomas.  Rohl  et  al. 
have  recently  shown  that  CI-1040-treated  ovarian  serous 
tumors  harboring  either  KRAS  or  BRAF  mutations  showed 
marked  growth  suppression  (Gi  cell  cycle  arrest)  compared 
with  tumors  containing  wild-t5q3e  KRAS  and  BRAF  in  vitro  (31). 
Normal  cells  including  ovarian  surface  epithelial  cultures  and 
ovarian  stromal  cells  did  not  show  significant  growth  inhibi¬ 
tion  by  Cl- 1040  treatment.  In  addition,  CI-1040-induced 
apoptosis  occurred  more  frequently  in  tumor  cells  with  either 
KRAS  or  BRAF  mutations  than  in  those  with  wild-type 
sequences.  These  findings  indicate  that  an  activated  MARK 
pathway  is  critical  in  tumor  growth  and  survival  of  ovarian 
tumors  with  KRAS  or  BRAF  mutations  and  suggest  that  the  CI- 
1040-induced  phenotypes  depend  on  the  mutational  status  of 
KRAS  and  BRAF  in  ovarian  tumors.  Because  SBTs  and  low-grade 
serous  carcinomas  have  a  high  frequency  of  mutations  in  KRAS 
and  BRAF,  it  will  be  important  to  determine  if  treatment  with 
Cl- 1040  can  prolong  disease-free  interval  and  overall  survival  in 
patients  with  advanced-stage  SBTs. 

Genetic  instability  in  serous  borderline  tumors.  Microsatellite 
instability  and  changes  in  DNA  copy  number  (or  chromo¬ 
somal  instability)  reflect  the  genetic  instability  in  tumor  cells 
(37).  Microsatellite  instability  has  been  studied  in  SBTs  using 
69  microsatellite  markers  (38).  Similar  to  high-grade  serous 
carcinoma  in  which  frequency  of  microsatellite  instability  is 
rare  (39),  SBTs  did  not  show  evidence  for  microsatellite 
instability  in  19  SBTs  studied.  In  contrast,  SBTs  showed  DNA 
copy  number  changes  as  evidenced  by  chromosomal  and 
allelic  imbalance  based  on  comparative  genomic  hybridization 
and  digital  RCR  analysis,  respectively.  Two  independent 
studies  using  comparative  genomic  hybridization  have  shown 
that  the  level  of  chromosomal  imbalance  in  SBTs  and  low- 
grade  serous  carcinomas  is  similar  to  each  other  and  is 
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significantly  lower  than  that  of  high-grade  serous  carcinomas, 
reflecting  a  lesser  degree  of  chromosomal  instability  in  SET 
and  low-grade  serous  carcinoma  compared  with  high-grade 
serous  carcinoma  (40,  41).  In  another  study,  digital  PCR 
analysis  showed  an  increased  allelic  imbalance  index  paral¬ 
leling  the  progression  from  SET  to  invasive  low-grade  serous 
carcinoma  (9).  Specifically,  allelic  imbalance  of  chromosome 
Ip,  which  harbors  tumor  suppressor  genes,  including  MYCLl 
and  NOERY/ARHl ,  is  frequently  found  in  SETs  (9,  42).  Allelic 
imbalance  at  certain  chromosomal  regions  in  the  areas  of  SET 
can  be  found  in  the  adjacent  invasive  low-grade  serous 
carcinomas  (9,  42),  further  supporting  the  tumor  progression 
model  of  SET  (Fig.  1). 

Gene  expression  profiling  in  serous  borderline  tumors. 
Recently,  high-density  oligonucleotide  microarrays  have  been 
done  to  profile  gene  expression  in  SETs  and  serous  carcinomas 
of  the  ovary  (41,  43).  Meinhold-Heerlein  et  al.  showed  that 
SETs  are  distinct  from  high-grade  serous  carcinomas  based  on 
both  unsupervised  and  supervised  analysis  of  gene  expression. 
Interestingly,  well-differentiated  serous  carcinomas  in  their 
study,  which  are  equivalent  to  low-grade  serous  carcinomas 
showed  a  similar  profile  to  STEs  compared  with  moderately 
and  poorly  differentiated  carcinomas  that  correspond  to  high- 
grade  serous  carcinomas.  Among  the  differentially  expressed 
genes,  a  cell  cycle  regulator,  p21/WAFl,  is  consistently 
expressed  in  the  majority  of  SETs  and  low-grade  carcinomas 
but  not  in  high-grade  carcinomas.  Similarly,  Gilks  et  al. 
reported  a  complete  separation  between  SETs  and  conventional 
high-grade  serous  carcinomas  based  on  unsupervised  clustering 
analysis  of  gene  expression.  In  their  study,  the  genes  that  were 
most  differentially  expressed  in  SETs  included  mucin  10 
(subtype  E),  kallikrein  6,  B7  protein,  claudin  10,  and  keratin  17 
(43).  Moreover,  the  authors  found  that  many  genes  previously 
identified  as  up-regulated  in  ovarian  carcinoma  relative  to 
normal  ovarian  surface  epithelium  are  expressed  at  even  higher 
levels  in  SET.  These  genes  include  mucin  1,  mesothelin,  HE4,  PAX 
8,  and  apolipoprotein  }/clusterin.  These  gene  expression  profiles 
further  show  that  SET  and  low-grade  serous  carcinoma  have  a 
similar  expression  signature,  which  is  distinct  from  conven¬ 
tional  high-grade  serous  carcinoma. 


Relationship  of  Serous  Borderline  Tumor  to 
Ovarian  Serous  Carcinoma  inTumor  Progression 

In  the  past,  the  role  of  SETs  in  the  progression  of  ovarian 
serous  carcinoma  was  not  clear  (11,  44-47).  Until  recently, 
molecular  genetic  studies  together  with  clinicopathologic 
observations  suggested  that  SETs  were  unrelated  to  serous 
carcinoma  (11,  46,  48,  49).  Recent  molecular  genetic  and 
morphologic  studies,  however,  suggest  there  are  two  main 
pathways  of  tumorigenesis  that  correspond  to  the  develop¬ 
ment  of  low-grade  and  high-grade  serous  carcinoma  (50-55). 
This  has  led  to  the  proposal  of  a  new  model  of  serous 
carcinogenesis,  which  reconciles  the  lack  of  association  of 
SETs  with  serous  carcinoma  on  the  one  hand  and  the 
occasional  malignant  behavior  of  SETs  on  the  other  (54).  In 
one  pathway,  invasive  low-grade  serous  carcinoma  develops 
from  a  noninvasive  (i.e.,  in  situ  tumor)  traditionally  termed 
SET  (56),  mimicking  the  adenoma-carcinoma  sequence  in 
colorectal  carcinoma  in  which  carcinoma  evolves  through  a 
continuum  of  histologically  recognizable  precursor  lesions 
(ref  57;  Fig.  1).  Detailed  histopathologic  analysis  shows  that 
SETs  consist  of  two  noninvasive  tumors  at  different  stages  of 
tumor  progression,  a  benign  tumor  that  has  been  termed 
"atypical  proliferative  serous  tumor"  and  an  intraepithelial 
{in  situ)  carcinoma  termed  "low-grade  serous  carcinoma" 
(noninvasive  micropapillary  serous  carcinoma),  which  is  the 
immediate  precursor  of  invasive  low-grade  serous  carcinoma 
(9,  54).  Atypical  proliferative  serous  tumor  and  intraepithelial 
low-grade  serous  carcinoma  can  be  thought  of  as  analogous 
to  dysplasia  and  carcinoma  in  situ  of  the  cervix.  That  is  to 
say,  the  atypical  proliferative  serous  tumor  is  a  benign 
proliferative  lesion  that  can  progress  to  intraepithelial  low- 
grade  serous  carcinoma,  which  is  the  immediate  precursor  of 
invasive  low-grade  serous  cancer.  Recurrence  of  SET  as  high- 
grade  serous  carcinoma  has  been  reported  (58).  Ortiz  et  al. 
have  compared  mutational  profiles  of  p53  and  KRAS  genes  in 
SETs  and  the  subsequent  serous  carcinomas  from  the  same 
patients  and  found  that  SETs  were  molecular  genetically 
different  from  the  serous  carcinomas  (46).  Although  these 
serous  carcinomas  were  considered  as  grade  1  in  that  study. 


Fig.  1.  Schematic  representation  of  the 
relationship  of  SBT  to  low-grade  serous 
carcinoma.  Histopathologic  and  molecular 
genetic  studies  suggest  that  atypical 
proliferative  serous  tumor  (>4^57")  may 
arise  from  cystadenoma  or  ovarian  surface 
epithelium.  Some  of  the  atypical 
proliferative  serous  tumors  can  progress  to 
intraepithelial  then  invasive  low-grade 
serous  carcinoma.  Conventionally,  both 
atypical  proliferative  serous  tumor  and 
intraepithelial  low-grade  serous  carcinoma 
are  referred  to  SBT.  Mutations  of  KRAS 
and  BRAF  occur  at  a  very  early  stage  of 
progression  {i.e.,  the  cystadenoma  stage), 
which  precedes  the  development  of  SBT. 
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it  is  not  clear  what  they  classified  as  grade  1  corresponds  to 
what  we  classify  as  low-grade  serous  carcinomas  or  high- 
grade  serous  carcinoma. 

Peritoneal  Implants  Associated  with  Serous 
Borderline  Tumor 

SBTs  are  frequently  associated  with  peritoneal  implants  that 
are  extraovarian  lesions.  This  terminology,  "implants,"  was 
used  because  it  was  not  clear  to  early  investigators  what  these 
lesions  were.  They  may  be  benign  implants  from  the  SBT, 
analogous  to  implants  of  endometriosis,  or  they  may  be 
benign  reactive  lesions  that  develop  independently  on 
peritoneal  surfaces  (i.e.,  mesothelial  hyperplasia;  ref  59). 
Alternatively,  they  are  indeed  metastases  from  the  ovarian 
tumor  or  an  independent  primary  peritoneal  carcinoma.  In 
the  late  1970s  and  1980s,  investigators,  thinking  that  the 
implants  may  be  prognostic  indicators,  subdivided  them  into 
"noninvasive"  and  "invasive"  types  based  on  their  microscopic 
appearance  (60).  Although  initially  there  was  considerable 
debate  regarding  the  prognostic  significance  of  this  distinc¬ 
tion,  a  recent  review  of  the  literature  showed  that  the  presence 
of  invasive  as  opposed  to  noninvasive  implants  was  the  most 
important  prognostic  indicator  (61).  It  is  generally  accepted 
that  mortality  in  patients  with  SBTs  is  limited  to  those  with 
extraovarian  disease,  but  there  is  considerable  controversy 
about  how  they  should  be  treated,  particularly  because  the 
distinction  between  noninvasive  and  invasive  implants  can  be 
difficult. 

Only  a  few  molecular  analyses  have  been  done  on  peritoneal 
implants  and  have  been  limited  to  noninvasive  implants.  The 
results  are  conflicting.  Investigators  assessing  allelic  imbalance 
and  the  mutational  status  of  KRAS  have  shown  identical 
findings  in  SBTs  and  the  synchronous  implants  of  the  same 
patient,  supporting  the  implantation  theory  (42,  62,  63).  On 
the  other  hand,  clonality  assays  using  X  chromosome  inactiva¬ 
tion  have  shown  different  inactivation  patterns  in  the  SBTs  and 
peritoneal  lesions,  providing  evidence  that  some  implants  arise 
independently  (64,  65).  Elucidating  the  molecular  features  of 
the  invasive  as  well  as  different  types  of  noninvasive  implants 
will  clarify  their  nature  and  will  have  a  major  effect  on  the 
management  of  patients  with  advanced  stage  tumors. 


Molecular  Alterations  in  Nonserous  Borderline 
Tumors 

Unlike  SBTs,  mucinous,  endometrioid,  and  clear  cell 
borderline  tumors  are  often  associated  with  their  corresponding 
carcinomas.  Accordingly,  these  nonserous  borderline  tumors 
have  been  thought  to  possibly  represent  an  intermediate  stage 
in  the  stepwise  progression  to  carcinoma  (Table  1).  In 
mucinous  carcinoma  for  example,  morphologic  transitions 
from  cystadenoma  to  a  borderline  tumor  and  to  intraepithelial 
carcinoma  and  invasive  carcinoma  have  been  recognized  for 
some  time.  In  addition,  an  increasing  frequency  of  KRAS 
mutations  at  codons  12  and  13  has  been  described  in 
cystadenomas,  borderline  tumors,  and  mucinous  carcinomas, 
respectively  (7,  11,  66-68)  and  using  microdissection,  the 
same  KRAS  mutation  has  been  detected  in  mucinous  carcino¬ 
ma  and  in  the  adjacent  mucinous  cystadenoma  and  borderline 
tumor  (7).  Other  than  KRAS  mutations,  molecular  genetic 
changes,  including  microsatellite  instability,  have  rarely  been 
reported  in  mucinous  borderline  tumors  (38).  Similarly, 
morphologic  data  showing  a  frequent  association  of  endome¬ 
triosis  with  endometrioid  adenofibromas  and  endometrioid 
borderline  tumors  and  their  topographical  distribution,  adja¬ 
cent  to  invasive  well-differentiated  endometrioid  carcinoma, 
suggest  a  of  stepwise  progression  in  the  development  of 
endometrioid  carcinoma.  These  tumors  are  characterized  by 
frequent  mutation  in  (3-catenin  (69,  70),  and  to  a  lesser  extent, 
mutation  in  PTEN  (71).  Moreover,  similar  molecular  genetic 
alterations,  including  loss  of  heterozygosity  at  10q23  and 
mutations  in  PTEN,  have  been  reported  in  different  stages  of 
tumor  progression  in  the  same  specimen  (71-75).  The 
molecular  genetic  and  histopathologic  findings  suggest  a 
precursor  role  of  endometrioid  borderline  tumors  in  the 
development  of  ovarian  endometrioid  carcinoma.  A  recent 
report  using  an  engineered  mouse  model  shows  that  KRAS  and 
PTEN  mutations  play  an  important  role  in  the  development  of 
endometriosis  and  endometrioid  carcinoma  of  the  ovary  (76). 
In  that  study,  expression  of  oncogenic  KRAS  or  conditional 
PTEN  deletion  within  the  ovarian  surface  epithelium  gave  rise 
to  preneoplastic  ovarian  lesions  with  an  endometrioid  glandu¬ 
lar  morphology.  Eurthermore,  the  combination  of  the  two 
mutations  in  the  ovary  led  to  the  induction  of  invasive  and 


Table  1.  Ovarian  borderline  tumors  and  associated  molecular  genetic  changes  in  tumor  progression 

Type  of  ovarian 
borderline  tumor 

Major  molecular  genetic  alterations 

Precursor  lesions  and  invasive  carcinomas 

Serous 

BRAF  and  KRAS  mutations  ( ~  67%) 

Precursor:  serous  cystadenoma  or  adenofibroma; 

Progression  to:  invasive  low-grade  serous  carcinoma 

Mucinous 

KRAS  mutations  (>60%) 

Precursor:  mucinous  cystadenoma;  Progression  to: 
intraepithelial  carcinoma  then  to  invasive  mucinous  carcinoma 

Endometrioid 

LOH  or  mutations  in  PTEN  (20%), 
p-catenin  gene  mutations  ( ~  50%), 
microsatellite  instability  (13-50%) 

Precursor:  endometriosis,  endometrioid  adenofibroma; 

Progression  to:  intraepithelial  carcinoma  then  to  invasive 

endometrioid  carcinoma 

Clear  cell 

KRAS  mutations  (5-16%), 

microsatellite  instability  (~13%) 

Precursor:  endometriosis,  clear  cell  adenofibroma: 

Progression  to:  intraepithelial  carcinoma  then  to  invasive 

clear  cell  carcinoma 

Brenner 

(transitional  type) 

Not  yet  identified 

Precursor:  Brenner  tumor;  Progression  to:  malignant  Brenner 
(transitional  cell)  carcinoma 
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widely  metastatic  endometrioid  ovarian  carcinomas.  The 
ovarian  cancer  model  provides  cogent  molecular  evidence  of 
the  role  of  KRAS  and  PTEN  in  the  development  of  endome¬ 
trioid  carcinoma.  Like  endometrioid  tumors,  clear  cell  border¬ 
line  tumors  are  also  frequently  associated  with  endometriosis, 
clear  cell  adenofibromas,  and  clear  cell  carcinoma,  but 
molecular  evidence  for  the  stepwise  progression  is  lacking, 
because  molecular  markers  specific  to  clear  cell  neoplasms  have 
only  recently  been  identified  (77,  78).  These  findings  also 
provide  further  evidence  of  the  close  relationship  of  endome¬ 
trioid  and  clear  cell  carcinoma  and  point  to  a  common 
precursor  lesion  for  these  two  neoplasms. 

Future  Directions 

Despite  recent  advances,  there  are  several  challenges  unique  to 
borderline  tumors  that  must  be  overcome  to  better  understand 
the  behavior  and  pathogenesis  of  SBTs  and  develop  new 
management  strategies.  Several  examples  are  discussed  below. 

Etiologic  role  of  KRAS  and  BRAF  mutations  in  initiating  serous 
borderline  tumor.  Although  the  RAS  signaling  pathway  has 
been  extensively  studied  in  SBTs,  it  is  not  known  whether 
mutations  of  KRAS  and  BRAF  alone  are  sufficient  to  induce 
SBTs  in  vivo.  Murine  models  must  be  established  to  express  the 
mutant  forms  of  KRAS  and  BRAF  to  determine  if  expression  of 
mutant  KRAS  and  BRAF  induces  SBT-like  lesions  in  mice. 
Furthermore,  analysis  of  SBT  genomes  is  critical  for  the 
identification  of  potential  molecular  genetic  alterations  that 
play  a  key  role  in  tumorigenesis.  New  technologies,  including 
digital  karyotyping,  array  comparative  genomic  hybridization, 
and  high-throughput  mutational  analysis,  are  now  available  to 
address  these  issues  (79).  The  molecular  genetic  studies  of  SBTs 
will  not  only  provide  the  essential  data  for  future  identification 
of  new  oncogenes  and  tumor  suppressors  in  these  tumors  but 
will  also  provide  molecular  markers  to  refine  the  diagnostic  and 
prognostic  criteria  of  primary  tumors  and  implants. 

One  of  the  challenges  in  studying  SBTs  is  how  to  isolate  and 
enrich  tumor  cells,  because  in  SBTs,  unlike  most  solid  tumors, 
the  tumor  cells  are  arranged  as  a  single  layer  and  overlie 
abundant  stroma.  Therefore,  the  tumor  represents  only  a  small 
fraction  of  the  pooled  sample.  Laser  capture  microdissection  is  a 
powerful  technique  for  isolating  tumor  cells  from  SBTs;  however, 
it  is  labor  intensive  and  difficult  to  obtain  sufficient  DNA  and 
RNA  for  assays.  Several  techniques  may  be  useful  to  overcome 
these  difficulties.  For  example,  tumor  cells  can  be  isolated  from 
fresh  SBTs  and  short-term  cultured  (31).  Genomic  DNA  can  be 
then  purified,  and  cell  biology  assays  done  on  the  cultured  cells. 
In  addition,  genomic  DNA  and  RNA  can  be  directly  purified 
from  the  fresh  tissues  using  in  situ  lysis  by  applying  a  mild 
extraction  buffer  directly  onto  the  surface  of  fresh  SBTs  (80). 

Molecular  definition  of  peritoneal  implants.  It  is  important  to 
determine  whether  molecular  genetic  features  may  be  superior 
to  morphologic  features  as  prognostic  markers.  For  example, 
pathologists  acknowledge  that  the  distinction  of  noninvasive 
and  invasive  implants  at  times  can  be  very  difficult.  Molecular 
genetic  studies  including  mutational  analysis  and  allelic 
imbalance  will  determine  whether  different  kinds  of  implants 
have  distinct  molecular  genetic  profiles  and  whether  these 
profiles  can  predict  outcome.  Correlation  of  the  molecular 
genetic  findings  with  the  morphology  and  behavior  of  implants 
may  disclose  previously  unrecognized  morphologic  features 


that  may  assist  the  surgical  pathologist  in  making  the  correct 
diagnosis. 

Target-based  therapy  for  serous  borderline  tumor  at  advanced 
stages.  Novel  therapeutic  targets  can  be  identified  to  improve 
the  management  of  SBT  patients  with  advanced-stage  tumors 
(i.e.,  with  metastatic  low-grade  carcinoma).  Although  SBTs 
occur  in  women  of  all  ages,  most  present  in  women  of 
reproductive  age.  In  perimenopausal  and  menopausal  women, 
hysterectomy  and  bilateral  salpingo-oophorectomy  are  gener¬ 
ally  the  treatments  of  choice,  but  in  reproductive  age  women, 
issues  of  fertility  and  sterilization  must  be  weighed  against 
treatment  for  what  is  regarded  as  cancer,  albeit  a  low-grade  one. 
Because  SBTs  and  low-grade  serous  carcinoma  are  indolent 
tumors,  they  do  not  respond  to  conventional  cytotoxic 
chemotherapy;  therefore,  there  is  considerable  debate  regarding 
the  best  therapy  for  women  with  advanced-stage  disease. 
Although  many  women  are  followed  with  no  treatment,  there 
are  no  reliable  tumor  markers  that  can  be  used  to  monitor  the 
disease  process.  Recent  molecular  genetic  studies  may  provide 
clues  for  the  development  of  novel  target-based  therapy.  For 
example,  in  most  SBTs  and  low-grade  serous  carcinomas,  there 
is  constitutive  activation  of  the  MARK  signaling  pathway  due  to 
frequent  mutations  in  the  KRAS  and  BRAF  genes,  the  upstream 
regulators  of  MARK.  Accordingly,  it  will  be  important  to  test 
whether  Cl- 1040  and  other  MEK  inhibitors  can  prolong 
disease-free  interval  and  overall  survival  in  patients  with 
advanced-stage  of  SBTs. 

Conclusions 

Recent  molecular  studies,  including  analyses  of  mutational 
status,  DNA  copy  number  changes,  and  gene  expression 
profiles,  have  shed  new  light  on  the  pathogenesis  of  SBTs  and 
provide  a  model  for  studying  the  development  of  ovarian 
serous  carcinoma.  In  this  model,  serous  carcinoma  is  sub¬ 
divided  into  low-grade  and  high-grade  types  that  have  distinct 
pathways  of  tumorigenesis  (54).  Low-grade  serous  carcinomas 
develop  in  a  slow  stepwise  fashion  from  SBTs  and  intra¬ 
epithelial  carcinoma,  whereas  the  majority  of  high-grade  serous 
carcinomas  develop  rapidly,  presumably  from  inclusion  cysts 
or  ovarian  surface  epithelium.  In  the  dualistic  model,  the  SBT  is 
a  distinct  entity  that  represents  the  putative  precursor  of 
invasive  low-grade  serous  carcinoma  and  is  unrelated  to  high- 
grade  (usual  type)  serous  carcinoma.  This  model  is  the  first  step 
in  an  attempt  to  elucidate  the  molecular  pathogenesis  of 
ovarian  carcinoma  but  should  not  be  construed  as  implying 
that  other  pathways  of  tumorigenesis  do  not  exist.  For  example, 
we  have  observed  high-grade  serous  carcinomas  associated  with 
a  SBT  or  a  low-grade  carcinoma  on  rare  occasions.  In  these 
cases,  both  low-grade  and  high-grade  components  shared  the 
same  mutations,  suggesting  that  high-grade  serous  carcinomas 
may  occasionally  develop  from  a  preexisting  SBT  or  low-grade 
serous  carcinoma.^ 
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ABSTRACT 

Molecular  genetic  changes  that  are  associated  with  the  initiating  stage 
of  tumor  development  are  important  in  tumorigenesis.  Ovarian  serous 
borderline  tumors  (SBTs),  putative  precursors  of  low-grade  serous  carci¬ 
nomas,  are  among  the  few  human  neoplasms  with  a  high  frequency  of 
activating  mutations  in  BRAF  and  KRAS  genes.  However,  it  remains 
unclear  as  to  how  these  mutations  contribute  to  tumor  progression.  To 
address  this  issue,  we  compared  the  mutational  status  of  BRAF  and  KRAS 
in  both  SBTs  and  the  adjacent  epithelium  from  cystadenomas,  the  pre¬ 
sumed  precursor  of  SBTs.  We  found  that  three  of  eight  SBTs  contained 
mutant  BRAF,  and  four  SBTs  contained  mutant  KRAS.  All  specimens 
with  mutant  BRAF  harbored  wild-type  KRAS  and  vice  versa.  Thus,  seven 
(88%)  of  eight  SBTs  contained  either  BRAF  or  KRAS  mutations.  The  same 
mutations  detected  in  SBTs  were  also  identified  in  the  cystadenoma 
epithelium  adjacent  to  the  SBTs  in  six  (86%)  of  seven  informative  cases. 
As  compared  to  SBTs,  the  cystadenoma  epithelium,  like  ovarian  surface 
epithelium,  lacks  cytological  atypia.  Our  findings  provide  cogent  evidence 
that  mutations  of  BRAF  and  KRAS  occur  in  the  epithelium  of  cystadeno¬ 
mas  adjacent  to  SBTs  and  strongly  suggest  that  they  are  very  early  events 
in  tumorigenesis,  preceding  the  development  of  SBT. 

INTRODUCTION 

It  has  been  shown  that  tumors  result  from  an  accumulation  of 
genetic  alterations  that  result  in  uncontrolled  cellular  proliferation. 
Identification  of  the  alterations  that  occur  early  in  tumor  development 
is  critical  to  understanding  carcinogenesis  and  can  provide  insight  into 
potential  markers  for  early  detection  (1-3).  Ovarian  cancer  is  one  of 
the  most  lethal  neoplasms  in  women,  and  serous  carcinoma  is  the  most 
common  type  (4),  but  the  molecular  events  that  underlie  the  devel¬ 
opment  of  ovarian  serous  carcinoma  are  largely  unknown.  Recent 
studies  have  shown  that  ovarian  serous  carcinoma  develops  along  two 
distinct  pathways,  and  we  have  proposed  a  model  of  ovarian  carci¬ 
nogenesis  that  reflects  this  concept  (5-7).  In  one  pathway,  invasive 
low-grade  serous  carcinoma  develops  from  a  noninvasive  (or  in  situ) 
tumor  that  has  traditionally  been  termed  “serous  borderline  tumor” 
(SBT;  ref.  8).  The  progression  of  SBT  to  invasive  low-grade  carci¬ 
noma  mimics  the  adenomacarcinoma  sequence  in  colorectal  carci¬ 
noma  (1).  Detailed  analysis  of  SBTs  shows  that  SBTs  consist  of  two 
tumors  at  different  stages  of  tumor  progression,  a  benign  tumor 
termed  “atypical  proliferative  serous  tumor,”  and  an  intraepithelial 
low-grade  (noninvasive  micropapillary  serous)  carcinoma,  the  imme¬ 
diate  precursor  of  invasive  low-grade  serous  carcinoma  (5,  7).  SBTs 
are  frequently  associated  with  serous  cystadenomas  that  develop  from 
ovarian  surface  epithelium  through  a  hyperplastic  process  (9).  Like 
ovarian  surface  epithelium,  the  epithelial  cells  of  a  cystadenoma  do 
not  show  cytological  atypia,  and  their  proliferation  index  is  extremely 
low  (9).  In  the  second  pathway,  high-grade  serous  carcinoma  develops 
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from  ovarian  surface  epithelium  or  from  surface  inclusion  cysts  (10), 
but  precursor  lesions  have  not  been  well  characterized.  Accordingly, 
this  process  has  been  described  as  “de  novo'"  (5). 

Molecular  genetic  analysis  has  shown  that  SBTs  and  invasive 
low-grade  serous  carcinomas  are  characterized  by  mutations  of  BRAF 
and  KRAS  in  61  to  68%  of  cases  (6,  7,  11,  12),  but  p53  mutations  are 
rare  (12-14).  In  contrast,  high-grade  serous  carcinomas  frequently 
contain  p53  mutations  (>50%)  but  rarely  BRAF  and  KRAS  mutations 
(6,  7,  13-17).  These  studies  analyzed  advanced  stage  tumors  in  which 
putative  precursor  lesions  may  have  been  obliterated  by  the  tumor.  In 
this  study,  we  confined  our  analysis  to  small  SBTs  and  associated 
cystadenomas  to  delineate  the  early  molecular  genetic  events  in  their 
pathogenesis.  Specifically,  we  compared  the  mutational  status  of 
BRAF  and  KRAS  in  SBTs  and  the  adjacent  nontransformed  epithelium 
of  serous  cystadenomas. 

MATERIALS  AND  METHODS 

A  total  of  eight  small  SBTs  (corresponding  to  what  has  been  classified  as 
atypical  proliferative  tumor)  and  the  associated  cystadenomas  were  collected. 
The  acquisition  of  tumor  samples  was  approved  by  the  Johns  Hopkins  insti¬ 
tutional  review  board.  The  SBTs  ranged  from  8  to  20  mm  (average  16  mm)  in 
greatest  dimension  and  associated  cystadenomas  ranged  from  5  to  8  cm 
(average  6.8  cm).  The  SBTs  occupied  5  to  15%  of  the  total  surface  area  of  the 
cystadenomas.  Only  a  small  number  of  cases  were  studied  because  although 
cystadenomas  and  SBTs  are  not  uncommon,  cystadenomas  containing  syn¬ 
chronous  small  SBTs  are  relatively  rare.  Microscopically,  the  SBTs  contained 
a  hierarchical  branching  papillae  lined  by  epithelial  cells  with  mild  to  moderate 
cellular  atypia  (Fig.  1).  The  epithelium  of  the  SBTs  merged  abruptly  with  the 
cystadenoma  epithelium  that  was  composed  of  a  single  layer  of  flat  to  colum¬ 
nar  cells  without  atypia  (Fig.  1).  The  Palm  laser  capture  microdissection 
microscope  (Zeiss)  was  used  to  separately  collect  the  epithelium  from  the 
SBTs  and  adjacent  cystadenoma.  The  PicoPure  DNA  extraction  kit  (Arcturus, 
Mountain  View,  CA)  was  used  to  prepare  genomic  DNA.  PCR  was  then  done, 
and  an  ABI  3100  sequencer  (ABI,  Foster  City,  CA)  was  used  to  do  nucleotide 
sequencing.  Exon  1  of  KRAS  and  exon  15  of  BRAF  were  both  sequenced  as 
each  exon  harbors  almost  all  of  the  mutations  in  both  genes  (6,  7,  1 1,  18).  The 
primers  for  PCR  and  sequencing  were  as  follows:  for  BRAF,  5'-tgcttgctctgat- 
aggaaaatga-3 '  (forward);  5'-ccacaaaatggatccagacaac-3'  (reverse);  and  5'-gaa- 
aatgagatctactgttttccttta-3'  (sequencing);  for  KRAS,  5'-taaggcctgctgaaaatgac- 
tg-3'  (forward);  5'-tggtcctgcaccagtaatatgc-3'  (reverse);  and  5'-ctgcaccagta- 
atatgcatattaaaac-3 '  (sequencing).  The  Lasergene  program  (DNASTAR,  Mad¬ 
ison,  WI)  was  used  to  analyze  the  sequences. 

RESULTS 

The  results  of  the  mutational  status  correlated  with  the  SBT  or 
cystadenoma  component  of  the  tumors  are  shown  in  Table  1.  We 
found  that  four  SBTs  (cases  1,  4,  5,  and  8)  contained  activating  KRAS 
mutations  at  codon  12  (three  mutations  of  GGT  to  GAT  and  one 
mutation  of  GGT  to  GTT)  and  three  SBTs  (cases  3,  5,  and  6)  had 
BRAF  mutations  at  codon  599  (all  of  T1796A  mutation).  As  in  our 
previous  report  (6),  the  presence  of  KRAS  and  BRAF  mutations  was 
mutually  exclusive.  Thus,  seven  (88%)  of  eight  SBTs  had  either  a 
BRAF  or  a  KRAS  mutation.  Case  2  contained  wild-type  KRAS  and 
BRAF.  Analysis  of  the  mutational  status  in  the  epithelium  from  the 
cystadenomas  adjacent  to  the  SBTs  revealed  that  both  the  cystade- 
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Fig.  1.  A,  small  serous  borderline  tumor  and  associ¬ 
ated  serous  cystadenoma  (case  E).  The  tumor  measures 
0.8  cm  in  greatest  dimension  and  is  composed  of  hier¬ 
archical  branching  papillae  lined  by  cells  with  mild  to 
moderate  atypia  {left  inset).  The  adjacent  cystadenoma 
epithelium  is  composed  of  a  single  layer  of  epithelium 
without  cytological  atypia  {right  inset).  B,  laser  capture 
microdissection  with  minimal  contamination  from  the 
underlying  stromal  cells  were  used  to  isolate  epithelial 
cells  lining  the  cystadenoma  (between  arrows). 


noma  and  SBT  components  contained  identical  mutations  in  six  of 
seven  informative  cases.  Representative  sequence  analyses  are  shown 
in  Fig.  2.  The  frequent  mutations  of  KRAS  and  BRAF  in  small  SBTs 
are  consistent  with  previous  reports  showing  mutations  in  either 
BRAF  or  KRAS  in  66  to  68%  of  large  SBTs  (6,  11).  The  higher 
frequency  of  mutations  (88%)  in  the  current  report  is  probably  be¬ 
cause  of  the  use  of  purer  tumor  cell  samples  obtained  by  laser  capture 
microdissection  or  may  have  resulted  from  the  small  sample  size  in 
the  present  analysis. 

DISCUSSION 

The  findings  in  this  study  provide  important  insights  into  the 
molecular  pathogenesis  of  low-grade  ovarian  serous  tumors  (Fig.  3). 
Because  we  only  analyzed  a  single  time  point  in  the  sequence  of 
cystadenoma  to  SBTs,  we  can  only  infer  that  the  findings  truly 
describe  the  events  in  early  tumor  progression.  However,  the  coex¬ 
istence  of  a  cystadenoma  with  a  SBT  strongly  suggests  that  the  latter 
arises  from  the  former  (Fig.  3).  Accordingly,  the  presence  of  identical 
mutations  in  the  cystadenoma  epithelium  that  displayed  no  evidence 
of  cytological  atypia  strongly  suggests  that  mutations  of  BRAF  and 
KRAS  occur  before  the  development  of  a  SBT  and  indicates  that 
cystadenomas  are  the  precursors  of  SBTs.  Our  results  support  the 
view  that  mutations  of  BRAF  and  KRAS  (or  NRAS)  are  early  events 
associated  with  tumor  initiation  as  occurs  in  melanoma  (19)  and 
colorectal  carcinoma  (20). 

We  have  recently  studied  30  consecutive  pure  cystadenomas  with¬ 
out  SBTs  and  have  shown  an  absence  of  BRAF  and  KRAS  mutations 
in  all  of  them  (9).  The  frequency  of  mutations  in  BRAF  and  KRAS  in 
cystadenomas  associated  with  SBTs  was  significantly  higher  than 
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those  without  SBTs  (P  <  0.001,  Fisher’s  exact  test;  Table  2).  This 
finding  together  with  the  fact  that  SBTs  are  relatively  uncommon  as 
compared  to  cystadenomas  (21-25)  suggests  that  only  a  small  pro¬ 
portion  of  serous  cystadenomas  are  neoplastic  with  the  potential  to 
progress  to  SBTs.  Finally,  our  findings  suggest  a  “gatekeeper”  role  of 
BRAF  and  KRAS  genes  in  the  development  of  low-grade  serous 
carcinomas  (26).  This  is  supported  by  the  observation  that  activating 
mutations  in  these  genes  are  oncogenic  in  experimental  cell  culture 
systems  (19,  27,  28)  probably  through  a  constitutive  activation  of 
mitogen-activated  protein  kinase  (29,  30).  Future  experiments  will 
determine  whether  mutations  of  BRAF  and  KRAS  are  sufficient  to 
initiate  the  development  of  SBTs  or  additional  genetic  “hits”  are 
required  in  tumorigenesis.  Because  mutations  of  BRAF  and  KRAS  in 
serous  cystadenomas  are  associated  with  the  development  of  SBTs, 
detection  of  BRAF  and  KRAS  mutations  could  facilitate  the  differen- 


Table  1  Mutational  status  of  KRAS  and  BRAF  genes  in  eight  .small  serous  borderline 
tumors  and  associated  cystadenomas 


Gene 

Case  1 

Case  2 

Case  3 

Case  4 

Case  5 

Case  6 

Case  7 

Case  8 

KRAS 

SBT 

G35A* 

G12Dt 

WT 

WT 

G35T 

G12V 

G35A 

G12D 

WT 

WT 

G35A 

G12D 

Cyst 

G35A 

G12D 

WT 

WT 

WT 

G35A 

G12D 

WT 

WT 

G35A 

G12D 

BRAF 

SBT 

WT 

WT 

T1796A 

V599E 

WT 

WT 

T1796A 

V599E 

T1796A 

V599E 

WT 

Cyst 

WT 

WT 

T1796A 

V599E 

WT 

WT 

T 1796 A 
V599E 

T1796A 

V599E 

WT 

Abbreviation:  WT,  wild-type. 

*  Alteration  in  nucleotide  sequence, 
t  Alteration  in  amino  acid  sequence. 
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Fig.  2.  Chromatograms  of  nucleotide  sequences 
of  BRAF  and  KRAS  in  two  representative  cases. 
Left  panel  (case  1)  shows  a  point  mutation  in  the 
KRAS  gene  in  both  SBT  and  the  adjacent  cystade- 
noma  (Cyst)  of  the  same  specimen.  Right  panel 
(case  6)  shows  a  point  mutation  in  the  BRAF  gene 
in  both  the  serous  borderline  tumor  and  the  corre¬ 
sponding  cystadenoma. 


SBT 


Cyst 


KRAS 


BRAF 


G  to  A  mutation  at  nucleotide  35 
(reverse  strand) 


T  to  A  mutation  at  nucleotide  1796 
(forward  strand) 


Low-grade  pathway 


Mutations 
in  BRAF 
and  KRAS 


Intraepithelial  low* 
grade  carcinoma 


APST 


Invasive  low-grade  carcinoma 


Fig.  3.  Schematic  representation  of  tumor  progression  in  low-grade  serous  carcinoma.  Mutations  of  BRAF  and  KRAS  occur  in  a  small  proportion  of  cystadenomas  that  may  contribute 
to  the  development  of  a  SBT.  Some  serous  borderline  tumors  progress  further  to  intraepithelial  and  then  to  invasive  low-grade  serous  carcinoma.  APST,  atypical  proliferative  serous 
tumor. 


tiation  of  cystadenomas  with  a  high  risk  of  progression  from  the  vast 
majority  of  cystadenomas  that  lack  BRAF  or  KRAS  mutations  and 
have  a  very  low  risk  of  progression.  Development  of  molecular  assays 
(31,  32)  that  can  detect  such  mutations  (in  cyst  fluid,  for  example) 
could  play  an  important  role  in  the  management  of  patients  with 
ovarian  cystadenomas,  particularly  young  women  who  would  prefer 
fertility-sparing  treatment. 


Table  2  Frequency  of  mutations  in  BRAF  and  KRAS  in  cystadenomas  with  associated 
serous  borderline  tumor  and  pure  cystadenomas 

cystadenoma 


Cystadenoma  associated 
with  SBT 

Pure  cystadenoma 

Mutations  in  BRAF  or  KRAS 

6 

0 

Wild-type  in  BRAF  and  KRAS 

2 

30 

Total  cases 

8 

30 
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Abstract 

Apolipoprotein  E  (ApoE)  has  been  recently  identified  as  a 
potential  tnmor-associated  marker  in  ovarian  cancer  by  serial 
analysis  of  gene  expression.  ApoE  has  long  been  known  to  play 
a  key  role  in  lipid  transport,  and  its  specific  isoforms  may 
participate  in  atherosclerogenesis.  However,  its  role  in  hnman 
cancer  is  not  known.  In  this  stndy,  apoE  expression  was 
frequently  detected  in  ovarian  serous  carcinomas,  the  most 
common  and  lethal  type  of  ovarian  cancer.  It  was  not  detected 
in  serous  borderline  tumors  and  normal  ovarian  surface 
epithelium.  Inhibition  of  apoE  expression  using  an  apoE- 
specific  siBNA  led  to  G2  cell  cycle  arrest  and  apoptosis  in  an 
apoE-expressing  ovarian  cancer  cell  line,  OVCAR3,  but  not  in 
apoE-negative  cell  lines.  Eurthermore,  the  phenotype  of  apoE 
siRNA-treated  OVCAR3  cells  was  reversed  by  expressing 
engineered  mutant  apoE  with  introduced  silent  mutations  in 
the  siRNA  target  sequence.  Expression  of  apoE  in  nuclei  was 
significantly  associated  with  a  better  survival  in  patients  who 
presented  peritoneal  effusion  at  the  time  of  diagnosis  (5-year 
follow-up,  P  =  0.004).  This  study  suggests  a  new  role  of  apoE  in 
cancer  as  apoE  expression  is  important  for  the  proliferation 
and  survival  in  apoE-expressing  ovarian  cancer  cells.  (Cancer 
Res  2005;  65(1):  331-7) 

Introduction 

Identification  of  tumor-associated  markers  is  critical  not  only  in 
understanding  tumorigenesis  but  also  in  providing  new  markers  for 
diagnosis  and  prognosis  (1,  2).  Discovery  of  new  markers  seems 
more  urgent  for  clinically  aggressive  cancers  like  ovarian  car¬ 
cinoma  in  which  the  current  diagnostic  and  therapeutic 
approaches  are  limited  (3).  Recent  advances  in  transcriptome¬ 
wide  technologies  have  led  to  the  discovery  of  a  host  of  emergent 
tumor-associated  markers  (4-6).  Comparing  gene  expression 
profiles  in  ovarian  cancer  to  benign  ovarian  surface  epithelial  cells 
using  serial  analysis  of  gene  expression  (SAGE),  Hough  et  al.  (7) 
have  identified  a  number  of  genes  that  are  differentially  expressed 
in  ovarian  cancer.  We  selected  one  of  these  genes,  apolipoprotein  E 
{ApoE),  for  further  characterization  because  it  is  potentially  in¬ 
volved  in  a  number  of  signal  transduction  pathways  that  may  be 
critical  in  regulating  cancer  cell  proliferation  and  survival. 

ApoE  has  long  been  known  as  an  essential  constituent  of  plasma 
lipoproteins  responsible  for  cholesterol  transport  and  metabolism. 
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Plasma  apoE  is  produced  mainly  in  the  liver  but  also  in  the  brain, 
adrenal  glands,  kidney,  and  macrophages.  It  associates  with 
cholesterol-rich  proteins  such  as  low-density  lipoprotein  (LDL) 
and  enables  these  protein-lipid  complexes  to  bind  to  the  members 
of  the  LDL  receptor  family  present  in  a  variety  of  tissues  (8).  The 
binding  of  apoE  and  certain  LDL  receptor  family  members  not  only 
leads  to  endocytosis  and  subsequent  importation  of  lipid-protein 
complex  into  the  cells  but  also  initiates  signal  transduction  (9,  10). 
For  example,  one  of  the  LDL  receptor  family  members,  gp330,  has 
been  known  to  mediate  intracellular  signaling  through  Src- 
homology  recognition  motifs  for  the  PI3  kinase,  protein  kinase  C, 
casein  kinase  II,  and  cyclic  AMP-dependent  protein  kinase  (11). 
The  signaling  pathways  that  are  initiated  by  these  receptor- 
ligand  interactions  on  the  cell  membrane  affect  the  proliferation 
of  various  normal  cell  types,  including  vascular  smooth  muscle 
(12-16),  inhibit  platelet  aggregation  (17),  regulate  inflammatory 
gene  expression  (18),  and  affect  the  metabolism  and  survival  in 
neurons  through  the  Akt  pathway  (19).  In  addition  to  the 
exogenous  source  of  apoE,  some  cells  produce  endogenous  apoE 
by  transcriptional  activation  of  the  apoE  gene.  In  contrast  to 
exogenous  apoE  that  binds  to  cell-surface  LDL  receptors  and 
mediates  endocytosis,  endogenous  apoE  is  mainly  associated  with 
Golgi  compartments  in  the  cydosol  (20).  The  cellular  functions  of 
endogenous  apoE  are  less  well  understood,  but  it  may  be  secreted 
and  act  as  an  autocrine  or  paracrine  growth  factor,  thereby 
modifying  the  microenvironment.  For  example,  it  has  been  shown 
that  endogenous  apoE  stimulates  serum-independent  cell  prolifer¬ 
ation.  In  addition,  endogenous  apoE  derived  from  macrophages 
plays  an  important  role  in  the  etiology  of  atherosclerosis  (12). 

Besides  its  well-recognized  role  in  lipid  metabolism  and 
atherosclerogenesis,  apoE  has  been  shown  to  involve  in  several 
pathophysiologic  processes  not  directly  related  to  lipid  transport. 
Specific  isoforms  of  apoE  participate  in  the  development  of 
Alzheimer’s  disease,  immunoregulation,  and  neurite  outgrowth 
(20-23),  suggesting  that  apoE  may  play  a  more  general  role  than 
simply  lipid  transport.  In  order  to  explore  the  new  roles  of  apoE  in 
human  cancer,  we  evaluated  apoE  expression  in  tumor  tissues  and 
established  a  cell  culture  model  to  study  its  cellular  function  by 
knocking  down  apoE  expression  in  apoE  overexpressing  ovarian 
cancer  cells.  Besides,  the  prognostic  relevance  of  apoE  expression 
was  determined  to  show  its  potential  application  as  a  marker  to 
predict  clinical  outcome  in  ovarian  cancer  patients. 

Materials  and  Methods 

Tissue  Samples.  The  acquisition  of  paraffin  tissues  and  frozen  speci¬ 
mens  was  approved  by  the  Institutional  Review  Boards  at  Johns  Hopkins 
University  and  the  informed  consent  was  obtained  from  the  Norwegian 
Radium  Hospital.  A  total  of  194  ovarian  carcinomas  from  the  ovary,  119 
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metastatic  serous  carcinomas,  148  specimens  of  effusion  containing  serous 
carcinomas,  10  ovarian  serous  borderline  tumors,  10  ovarian  serous  cysts, 
and  10  normal  ovarian  surface  epithelium  were  retrieved  from  the 
department  of  Pathology  at  the  Johns  Hopkins  Hospital  and  the  Norwegian 
Radium  Hospital.  More  than  95%  of  ovarian  carcinoma  was  of  serous  type 
and  of  high  grade  except  20  low-grade  serous  carcinomas.  Formalin-fixed 
paraffin-embedded  tissue  blocks  from  the  above  cases  were  obtained  from 
archival  material.  We  also  included  eight  frozen  tissue  samples  of  high- 
grade  ovarian  serous  carcinoma  and  seven  primary  cultures  of  ovarian 
surface  epithelium  for  Western  blot  analysis.  The  diagnoses  of  the  paraffin 
and  fi-esh  tissue  specimens  were  confirmed  by  microscopic  examination  on 
the  tissue  sections  before  analysis.  All  the  eight  fresh  ovarian  cancer  tissues 
had  corresponding  paraffin  tissue  for  immunohistochemistry.  The  diagnosis 
of  effusion  samples  was  established  by  evaluation  of  smears  and  cell  block 
sections  from  formalin-fixed  paraffin-embedded  pellets  by  experienced 
cytopathologists  (B.R.  and  B.D.)  and  were  then  further  characterized  using 
immunocytochemistry  with  broad  antibody  panels  against  carcinoma, 
mesothelial,  and  leukocyte  epitopes,  as  previously  described  (24,  25).  The 
procedures  for  fixation  and  block  preparation  for  effusion  specimens  were 
identical  to  those  employed  for  tissue  samples. 

Immunohistochemistry  and  Western  Blot  Analysis.  Expression  of 
apoE  was  studied  by  immunohistochemistry  and  Western  blot  analysis.  The 
antibody  used  for  immunohistochemistry  was  an  apoE-specific  monoclonal 
antibody  (Transduction  Lab,  Lexington,  BCY)  at  a  dilution  of  1:600  followed 
by  the  EnVision  +  System  using  the  peroxidase  method  (DAKO,  Carpinteria, 
CA).  The  frequency  of  positive  cells  was  estimated  by  randomly  counting 
—  500  tumor  cells  from  three  different  high-power  fields  (x40).  For  the 
negative  control,  an  isotype  (IgGl)-matched  antibody,  MN-4,  was  used  in 
parallel  (26).  A  positive  reaction  was  defined  as  discrete  localization  of  the 
brown  chromogen  in  the  cytoplasm  or  nucleus.  A  specimen  was  scored  in  a 
blinded  fashion  by  observers  according  to  the  following  criteria:  negative, 
1%  to  5%,  6%  to  50%,  51%  to  100%  of  immunoreactive  neoplastic  cells  with 
cytoplasmic/nuclear  staining.  Any  discrepancy  between  the  two  observers 
was  resolved  through  rescoring  by  another  investigator. 

Western  blot  analysis  was  done  using  the  same  antibody  (1:1,000)  on 
seven  specimens  of  ovarian  surface  epithelial  cell  cultures,  eight  high-grade 
serous  carcinoma  tissues  and  four  ovarian  cancer  cell  lines,  including 
OVCAR3,  SKOV-3,  OV-90,  and  CAOV3.  Similar  amounts  of  total  protein 
from  each  lysate  were  loaded  and  separated  on  12%  Tris-Glycine-SDS 
polyacrylamide  gels  (Novex,  San  Diego,  CA)  and  electroblotted  to  Millipore 
Immobilon-P  polyvinylidene  difluoride  membranes.  Western  blots  were 
developed  by  chemiluminescence  (Pierce,  Rockford,  IL). 

Cell  Culture,  Reagents,  and  Mitosis  Counting.  Four  ovarian  cell  lines 
including  OVCAR3,  SKOV-3,  OV-90,  and  CAOV3  and  the  kidney  293  cell  line 
were  purchased  from  the  American  Type  Culture  Collection  (Rockville,  MD). 
All  the  cell  lines  were  maintained  in  the  RPMl  1640  (Life  Technologies, 
Gaithersburg,  MD)  supplemented  with  10%  fetal  bovine  serum  (HyClone, 
Logan,  UT),  100  units/mL  of  penicillin,  and  100  pg/mL  of  streptomycin. 
Nocodazole  (Sigma,  St.  Louis,  MO)  was  used  to  trap  mitoses  in  cell  cultures 
at  70  ng/mL  in  the  culture  medium.  Mitotic  indices  were  determined  at  3,  6, 
and  12  hours  after  adding  nocodazole.  The  mitotic  index  was  expressed  as 
the  percentage  of  mitotic  figures  by  counting  at  least  500  4'  ,6'  -diamidino-2- 
phenylindole  (DAPI)-stained  cells  under  a  fluorescence  microscope.  To 
detect  the  secretory  form  of  apoE,  we  cultured  5  x  10^  OVCAR3  cells  in  1 
mL  of  serum-free  RPMI  1640  using  a  6-well  plate.  After  filtering  the 
condition  medium  to  remove  floating  cells  and  cell  debris,  an  aliquot  (50  pL) 
was  obtained  at  24,  48,  72,  and  96  hours  for  Western  blot  analysis. 

Gene  Knockdown  Using  siRNA.  Short  interfering  RNA  that  specifically 
targeted  the  apoE  RNA  was  used  to  reduce  apoE  expression  (27).  We 
selected  OVCAR3  cells  as  the  representative  cell  line  for  siRNA  treatment 
because  other  ovarian  cancer  cell  lines  (SKOV3,  OV90,  and  CAOV3)  we 
have  examined  did  not  show  detectable  level  of  apoE  expression  and  they 
were  used  as  controls.  The  siRNA  was  generated  by  Silencer  siRNA 
Construction  Kit  (Ambion,  Austin,  TX)  or  by  chemical  synthesis 
(Dharmacon,  Lafayette,  CO).  Cultured  cells  were  grown  on  24-well  plates 
and  were  transfected  with  siRNA  using  an  oligofectamine  reagent 
(Invitrogen,  Carlsbad,  CA).  The  target  sequences  for  apoE  siRNA  were 


5'  -aaggtggagcaagcggtggag-3'  (siRNA-1)  and  5'  -ggagttgaaggcctacaaa-3' 
(siRNA-2).  The  sequences  for  the  control  siRNA  were  5'  -aactgg- 
cactgggtcgctttt-3'  (siRNA-3)  and  5'  -aaggagttgaaggcctacaaa-3'  (siRNA-4). 
The  sequences  of  target  and  control  siRNA  were  derived  from  the  apoE 
coding  region,  but  the  control  siRNA  did  not  have  an  effect  on  apoE 
expression.  Blast  analysis  (http://www.ncbi.nlm.nih.  gov/BLAST/)  did  not 
reveal  overlapping  regions  between  both  target  sequences  and  other 
human  genes.  Both  adherent  and  floating  cells  were  harvested  for  Western 
blot,  ceU  cycle  analysis,  and  apoptosis  detection  at  different  time  points. 

Cell  Cycle  Analysis  and  Apoptosis  Detection.  Both  attached  and 
floating  cells  were  harvested  for  study.  For  DAPI  staining,  3  x  10^  cells 
were  resuspended  in  50  pL  of  PBS  and  350  pL  of  staining  solution 
containing  0.6%  NP40,  3%  paraformaldehyde,  and  10  pg/mL  DAPI.  DAPI- 
stained  cells  were  subject  to  ceU  cycle  analysis  using  a  BD-LSR  flow 
cytometer  (Becton  Dickinson,  Mountain  View,  CA).  The  sub-Gi 
population  in  the  cell  cycle  analysis  was  defined  as  the  fraction  of 
apoptotic  cells.  To  confirm  the  apoptotic  cells,  DAPI-  or  annexin  V- 
stained  ceUs  were  also  examined  under  a  flourescence  microscope.  The 
staining  of  annexin  V  has  been  described  in  our  previous  report  (28). 
Briefly,  10^  cells  were  suspended  in  100  mL  of  annexin-binding  buffer  and 
were  then  incubated  with  5  pL  of  Alexa568-bound  annexin  V  (Molecular 
Probes,  Eugene,  OR)  at  room  temperature  for  15  minutes.  Apoptotic  ceUs 
were  defined  as  those  ceUs  that  were  fluorescent  after  annexin  V  staining. 
The  percentage  of  annexin  V-positive  cells  was  measured  by  the  flow 
cytometer. 

Rescue  Assay  by  Expression  of  Engineered  ApoE  with  Silent 
Mutations.  In  order  to  show  the  specificity  of  apoE  siRNA  in  targeting 
apoE,  we  did  a  rescue  assay  by  expressing  engineered  mutant  apoE  that 
was  not  sensitive  for  apoE  siRNA- 1  silencing  in  OVCAR3  cells.  To  achieve 
this,  we  introduced  silent  mutations  into  apoE  cDNA,  encoding  the 
targeted  gene  that  were  thought  to  destroy  complementarity  with  the 
siRNA,  whereas  maintaining  the  wUd-type  amino  acid  sequence.  The 
cDNA  of  ApoE  was  prepared  from  OVCAR3  cells,  PCR  amplified,  and 
cloned  to  a  mammalian  expression  vector,  pcDNA6  (Invitrogen)  using  the 
following  primers:  5' -accatgaaggttctgtgggctg-3'  (forward  primer)  and  5'- 
gtgattgtcgctgggcaca-3'  (reverse  primer).  Site-directed  mutagenesis  was 
used  to  generate  mutant  apoE  with  silent  mutations  using  the  template 
of  wild-type  pcDNA6/apoE.  The  silent  mutations  were  designed  to  be 
located  in  the  apoE  siRNA- 1  targeting  sequence.  Two  primers  were 
designed  to  generate  two  mutated  nucleotide  residues.  To  generate  the 
mutation  close  to  the  3'  end,  we  use  the  reverse  primer,  5'  - 
ccaggccaaAgtggagcaGgcggtggagacagagccg-3'  (mutated  nucleotides  were 
capitalized).  Using  the  forward  primer  designed  from  the  wild-type,  this 
created  a  74-bp  fragment.  To  generate  another  mutation  close  to  the  5' 
end,  we  designed  the  forward  primer  5'  -Ggcggtggagacagagccg-3' ,  which 
in  combination  with  the  reverse  primer  used  above  resulted  in  an  888-bp 
fragment.  Another  PCR  was  done  with  both  of  the  fragments  to  create  a 
fusion  PCR  product  containing  the  mutations  using  the  PCR  condition  as 
follows:  denaturation  for  2  minutes  at  94  °C  followed  by  three  cycles  of 
denaturation  at  94°C  for  10  seconds,  annealing  at  67°C  for  30  seconds 
and  extension  at  68  °C  followed  by  three  cycles  of  denaturation  at  94  °C 
for  10  seconds,  annealing  at  47°C  for  30  seconds  and  extension  at  68”C 
followed  by  three  cycles  of  denaturation  at  94  °C  for  10  seconds, 
annealing  at  61  °C  for  30  seconds  and  extension  at  68  °C  followed  by 
27  cycles  of  denaturation  at  94°C  for  10  seconds,  annealing  at  56°C  for 
30  seconds  and  extension  at  68  °C.  The  PCR  product  was  cloned  to 
pcDNA6  to  generate  pCDNA/mApoE  and  it  was  sequenced  to  validate 
the  mutations. 

For  an  efficient  transfection,  OVCAR3  and  293  cells  were  transfected 
with  the  pCDNA/mApoE  or  vector  (pCDNA)  by  electroporation  using  a 
Nucleofector  II  (Amaxa,  Koln,  Germany).  The  cells  were  cultured  in  24- 
well  plates  for  18  hours.  The  cells  were  transfected  with  apoE  siRNAs  or 
control  siRNAs.  Western  blot  analysis  was  done  in  293  cells  to  assess 
whether  mutant  apoE  expression  was  not  sensitive  for  apoE  siRNA 
silencing.  OVCAR3  cells  were  analyzed  for  cell  cycle  progression  and 
apoptosis.  We  determined  if  pCDNA/mApoE-transfected  ceUs  could 
rescue  the  apoE  siRNA-l-induced  phenotypes. 
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Figure  1.  ApoE  expression  in  ovarian  serous  tumors  and  normal 
ovarian  surface  epithelium.  A,  percentage  of  cases  showing  apoE 
immunoreactivity  in  normal  ovarian  surface  epitheiium  {OSE), 
serous  borderline  tumor  (SBT),  low-grade  serous  carcinoma  (LGCA), 
and  high-grade  serous  carcinomas  (HGCA)  from  different  stages 
including  the  primary  tumors,  omental  metastases,  and  effusions. 

The  immunostaining  pattern  is  scored  as  a  four-tiered  system  based 
on  the  percentage  of  immunoreactive  tumor  cells.  B,  representative 
photomicrographs  of  apoE  staining  in  normal  ovarian  surface 
epithelium  (A),  a  metastasis  of  serous  carcinoma  in  the  omentum  (B), 
and  an  effusion  specimen  containing  serous  carcinoma  cells  (Cj. 

As  compared  with  normal  ovarian  surface  epithelium,  which  lacks  of 
apoE  immunoreactivity,  the  serous  carcinoma  shows  diffuse  staining 
in  the  cytoplasm  and  nucleus.  The  stromal  cells  (star  in  6)  and 
lymphocytes  (arrows  in  C)  are  negative  for  apoE.  C,  Western  blot 
analysis  of  apoE  expression  in  ovarian  surface  epithelial  cell  cultures, 
ovarian  carcinoma  tissues,  and  cell  lines.  All  seven  ovarian  surface 
epithelial  (OSE)  cultures  are  negative  for  apoE  expression.  OVCAR3 
but  not  SKOV3  cells  show  a  34-kDa  band  (top).  Most  of  ovarian 
serous  carcinoma  tissues  (CA)  are  positive  for  apoE  expression 
(bottom). 
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ApoE  E^qpression  Analysis  Using  the  SAGE  Database.  To  further 
extend  our  findings  of  apoE  expression  in  ovarian  serous  carcinomas,  we 
compared  the  gene  expression  levels  in  the  SAGE  libraries  of  carcinomas 
that  are  deposited  in  the  public  database  (http://www.  ncbi.nlm.nih.gov/ 
SAGE/index.cgi?cmd=tagsearch).  A  total  of  34  libraries  were  retrieved  and 
they  included  carcinoma  libraries  and  normal  counterparts  from 
pancreas,  prostate,  breast,  stomach,  and  colon  in  addition  to  ovary. 
The  selection  of  libraries  for  analysis  was  based  on  their  availability  in 
the  SAGE  database  (till  January  2004).  The  tag  number  from  each  library 
was  retrieved  by  requesting  the  apoE  tag  sequence  (CGACCCCACG)  from 
the  SAGE  database.  They  were  expressed  and  normalized  as  the  number 
of  tags  of  apoE  per  one  million  of  total  tags  in  a  given  SAGE  library. 

Statistical  Analysis.  Statistical  analysis  was  done  by  applying  the 
SPSS-PC  package  (version  10.1,  SPSS,  Chicago,  IL,  2001).  P  <  0.05  was 
considered  statistically  significant.  Clinical  and  pathologic  data  were 
available  for  the  majority  of  patients.  Studies  of  the  association  between 
apoE  expression  in  effusions  and  solid  tumors  and  clinicopathologic 
parameters  were  undertaken  using  the  two-sided  f®st.  Univariate 
survival  analyses  were  done  using  the  Kaplan-Meier  method  and  log-rank 
test.  Expression  categories  in  the  clinical  sample  survival  analysis  were 
clustered  as  described  in  figure  legend  so  as  to  allow  for  a  sufficient 
number  of  cases  to  be  included  in  each  category.  Student’s  t  test  was 
used  to  evaluate  the  difference  in  cell  number  in  culture. 


Results 

ApoE  Expression  in  Ovarian  Cancer  Tissnes.  To  assess  the 
biological  roles  of  apoE  in  tumor  progression,  we  first  did 
immunohistochemistry  on  surgically  removed  ovarian  tumors 
and  their  benign  counterparts.  ApoE  immunoreactivity  was 
present  in  85%  of  primary  high-grade  serous  carcinomas,  90%  of 
solid  metastatic  high-grade  serous  carcinomas,  and  64%  of  effusion 
specimens  containing  high-grade  serous  carcinomas.  In  contrast, 
apoE  stain  was  not  detectable  in  benign  counterparts,  including 
10  normal  ovarian  surface  epithelium,  10  serous  cystadenomas, 
and  10  serous  borderline  tumors  (Fig.  1).  Cytoplasmic  staining  was 
shown  in  81%  of  specimens  and  nuclear  immunoreactivity  was 
observed  in  19%  of  cases.  Low-grade  serous  carcinoma,  a  less 
common  type  of  serous  tumors,  was  positive  for  apoE  in  only  40% 
of  cases  and  the  staining  pattern  was  always  focal.  The  staining 
intensity  was  always  strong  in  positive  cells  and  therefore 
percentage  scoring  was  used  in  this  study.  The  specificity  of  apoE 
immunoreactivity  in  tissues  was  validated  by  Western  blot  analysis. 
As  shown  in  Fig.  1,  a  predominant  ~  34-kDa  band  corresponding 
to  apoE  protein  was  present  in  immunostaining-positive  samples 
(CAl  and  CA3-7)  but  not  in  immunostaining-negative  specimens 
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Figure  2.  ApoE  siRNA  treatment  in  OVCAR3  cells.  A,  Western  blot 
analysis  of  a  significant  decrease  in  apoE  protein  amount  in  apoE  siRNA- 
treated  cells  as  compared  with  the  control  siRNA-treated  cells 
24  hours  after  the  siRNA  treatment.  Similar  amount  of  total  proteins  were 
loaded  as  evidenced  by  a  similar  GAPDH  intensity.  B,  cell  cycle  analysis 
shows  a  G2-M  block  in  OVCAR3  cells  24  hours  after  apoE  siRNA 
treatment.  A  marked  sub  G0-G1  fraction  is  noted  in  treated  cells  (arrow), 
indicating  an  increased  number  of  apoptotic  cells.  In  contrast,  there  is  no 
detectable  alteration  in  the  progression  of  cell  cycle  in  the  control  siRNA 
treated  cells.  C,  effect  of  apoE  siRNA  on  SKOV3  cells.  ApoE  siRNA  does 
not  affect  the  cell  cycle  progression  in  SKOV3  cells. 


(CA2  and  CAS).  ApoE  protein  was  also  present  in  the  cytoplasm  of 
the  OVCAR3  ovarian  cancer  cell  line  but  not  in  the  SKOV3,  CAOV3, 
and  OV90  ovarian  cancer  cell  lines.  In  addition,  apoE  immunore- 
activity  was  not  detected  in  any  of  the  normal  ovarian  surface 
epithelial  cultures  (Fig.  1).  To  determine  whether  OVCAR3  cells 
secreted  apoE,  we  did  Western  blot  on  the  conditioned  serum-free 
medium  of  OVCAR3  cells.  There  was  no  detectable  apoE  protein 
found  in  the  conditioned  medium  up  to  96  hours  after  incubation 
(data  not  shown). 

The  Phenotypes  after  apoE  Knockdown.  In  order  to 
characterize  the  functional  role  of  apoE  in  ovarian  carcinogen¬ 
esis,  we  did  an  apoE  knockdown  assay  using  apoE  specific 
siRNAs  to  reduce  its  expression  in  the  OVCAR3  cell  line  that 
expresses  apoE  and  in  a  control  cell  line,  SKOV3  that  does  not 
express  apoE  based  on  Western  blotting  (Fig.  1).  We  designed  a 
total  of  four  sets  of  siRNA  that  targeted  different  regions  of  the 
apoE  open  reading  frame.  Based  on  Western  blot  analysis,  two 
siRNAs  (siRNA- 1  and  siRNA-2)  showed  a  knockdown  effect  and 
the  other  two  (siRNA-3  and  control  siRNA-4)  did  not.  Therefore, 


siRNA-3  and  siRNA-4  were  used  as  control  siRNAs.  Both  apoE 
siRNAs  (siRNA- 1  and  siRNA-2)  were  used  in  the  biological  assays. 
As  compared  with  apoE  siRNA-2,  apoE  siRNA- 1  was  more  effective 
in  silencing  apoE  expression.  As  shown  in  Fig.  2A,  apoE 
expression  was  significantly  reduced  24  hours  after  treatment  of 
apoE  siRNAs  in  OVCAR3  cells  but  not  in  the  same  cells  treated 
with  the  control  siRNAs  or  a  mock  transfection.  Cell  cycle  analysis 
showed  a  G2-M  phase  arrest  in  OVCAR3  cells  24  hours  after 
siRNA-1  administration  (Fig.  2B).  The  cell  cycle  arrest  was 
reflected  by  a  significant  decrease  in  the  numbers  of  viable  cells 
at  48  hours  after  apoE  siRNA  treatment.  The  number  of  viable 
OVCAR3  cells  was  139  ±  33  x  lo'^  /mL  (average  ±  SD)  which  was 
lower  than  298  +  12  x  /mL  in  the  mock  treated  cells  and  247 
±  21  xlO^  /mL  in  the  control  siRNA  treated  cells  {P  <  0.01,  t 
test).  Nocodazole  trapping  was  then  used  to  distinguish  G2-phase 
versus  M-phase  arrest  by  counting  the  mitotic  index  in  OVCAR3  cells 
24  hours  after  apoE  siRNA  targeting.  There  was  no  substantial 
increase  in  the  mitotic  index  among  nocodazole  treated  cells  at  3, 6, 
and  12  hours  after  adding  nocodazole  (P  >  0.1).  The  cell  cycle  arrest 
was  associated  with  an  increase  in  apoptotic  OVCAR3  cells.  As 
compared  with  the  control  siRNAs,  an  increased  number  of 
apoptotic  cells  were  observed  in  OVCAR3  cells  treated  with  apoE 
siRNAs  {P  <0.01)  as  detected  by  annexin  V  and  DAPI  staining  (Eig.  3). 
The  annexin  V-positive  cells  occurred  as  early  as  24  hours  after 
treatment  when  rare  cells  showed  morphologic  features  of  apoptosis 
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Figure  3.  Detection  of  apoptosis  in  OVCAR3  cells.  A,  based  on  cell  cycle 
analysis,  a  significant  increase  in  apoptotic  cells  is  noted  in  apoE  siRNA-treated 
OVCAR3  cells  at  48  hours.  In  contrast,  both  mock  transfection  and  control  siRNA 
transfection  do  not  induce  apoptosis.  B,  representative  view  of  DAPI-stained 
OVCAR3  cells  48  hours  after  control  siRNA  (left)  and  apoE  siRNA  (right) 
treatment.  Apoptotic  cells  were  defined  as  those  cells  containing  condensed  and/ 
or  fragmented  nuclei. 
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by  DAPI  staining.  In  contrast,  the  phenotypic  changes  seen  in  the 
apoE  siRNA-treated  OVCAR3  cells  were  absent  in  apoE  siRNA- 
treated  ovarian  cancer  cells  such  as  SKOV3,  OV-90,  and  CAOV3, 
which  did  not  express  detectable  apoE.  A  representative  cell  cycle 
analysis  of  SKOV3  cells  after  apoE  siRNA  treatment  was  shown  in  Fig. 
2C. 

To  validate  the  specificity  of  the  siRNA  approach,  we  tested  if 
the  phenotypes  observed  in  apoE  siRNA-treated  OVCAR3  cells 
could  be  rescued  by  expression  of  an  engineered  mutant  version 
of  apoE  containing  silent  mutations  in  the  target  sequence  that 
were  refractory  to  siRNA  silencing.  As  compared  with  native 
wild- type  apoE  (Fig.  2A),  expression  of  full-length  mutant  apoE 
with  silent  mutations  was  not  suppressed  by  apoE  siRNA  based 
on  Western  blot  analysis  (Fig.  4).  Cell  cycle  analysis  showed  a 
similar  cell  cycle  distribution  with  minimal  apoptotic  cell  (sub- 
Gi  fraction)  in  apoE  mutant-transfected  OVCAR3  cells  48  hours 
after  treatment  of  apoE  and  control  siRNA,  indicating  that  cell 
cycle  arrest  was  not  detected  in  the  cells  expressing  the  mutant 
form  of  apoE  with  silent  mutations  in  the  siRNA  targeted 
sequence  (Fig.  4). 

ApoE  Tag  Distribution  in  Other  Human  Cancers.  In  order 
to  extend  the  apoE  expression  profile  to  other  common  types 
of  carcinomas,  we  did  a  tag  counting  analysis  based  on  the 
SAGE  libraries  that  were  available  in  the  public  database 
(http;//www.  ncbi.nlm.nih.gov/SAGE/index.cgi?cmd=tagsearch). 
In  addition  to  ovarian  cancer  in  which  the  apoE  expression  is 
up-regulated,  almost  all  the  libraries,  including  pancreas, 
prostate,  breast,  stomach,  and  colon  carcinomas,  showed  an 
increase  in  the  number  of  apoE  tags  compared  with  their 
normal  counterparts,  indicating  that  apoE  was  overexpressed  in 
these  cancer  types  (Fig.  5). 

Clinical  Significance  of  apoE  Expression.  In  this  study,  we 
further  assessed  whether  apoE  expression  had  prognostic 
relevance  in  ovarian  cancer  patients  by  correlating  apoE 
expression  patterns  and  clinical  outcome  in  patients  who 
presented  peritoneal  effusion  and  did  not  receive  prior 
chemotherapy  (Fig.  6).  After  a  comprehensive  analysis  by 
correlating  apoE  expression  patterns  and  different  clinical 
parameters,  we  found  that  the  only  statistically  significant 
correlation  was  apoE  immunoreactivity  in  nucleus  of  tumor 
cells  in  effusion  samples  and  the  overall  survival.  Using  Kaplan- 
Meier  survival  analysis,  patients  with  carcinoma  cells  showing 


any  level  of  nuclear  expression  in  effusion  samples  had 
significantly  better  survival  than  those  with  effusions  showing 
negative  expression  (43  versus  28  months  for  median  overall 
survival,  log-rank  test,  P  =  0.004).  However,  there  was  no 
significant  difference  in  overall  survival  between  apoE-positive 
and  apoE-negative  cases  in  solid  tumors  (primary  and  metas¬ 
tasis).  Kaplan-Meier  survival  analysis  of  apoE  expression  (nuclear 
or  cytoplasmic)  in  carcinoma  cells  of  63  primary  tumors  shows 
similar  median  survival  (29  months)  for  apoE-positive  (n  =  19) 
and  apoE-negative  {n  =  44)  tumors  (log-rank  test,  P  =  0.79). 

Discussion 

The  results  in  this  report  showed  that  most  ovarian  serous 
carcinomas  express  apoE,  thus  confirming  the  previous  SAGE 
result  (7).  Overexpression  of  apoE  may  not  be  confined  to 
ovarian  serous  carcinomas  because  analysis  of  the  SAGE 
database  (http;//www.hlm.nih.gov/SAGE/)  showed  that  apoE 
expression  was  also  up-regulated  in  other  tumor  types,  including 
breast  carcinomas,  pancreatic  carcinomas,  stomach  carcinomas, 
colon  carcinomas,  and  prostate  carcinomas  (Fig.  5).  The  above 
findings  suggest  that  apoE  represents  a  tumor-associated  marker 
in  a  wide  variety  of  human  cancers.  The  significantly  higher 
frequency  of  apoE  expression  in  high-grade  compared  with  low- 
grade  ovarian  serous  carcinomas  is  of  great  interest,  and  the 
finding  suggests  that  both  low-grade  and  high-grade  tumors  are 
distinct  in  gene  expression,  further  supporting  a  dualistic 
pathway  for  the  development  of  ovarian  serous  carcinoma  (29). 
In  that  model,  low-grade  and  high-grade  ovarian  serous 
carcinomas  develop  independently  and  are  characterized  by 
different  molecular  genetic  changes  and  gene  expression  profiles 
(30-32). 

Although  siRNA  is  an  effective  and  convenient  approach  to 
assess  functional  roles  of  genes  by  silencing  their  expression,  it 
is  essential  to  ensure  that  the  phenotype  changes  after  siRNA 
treatment  are  the  results  of  specific  gene  knockdown  rather  than 
the  “off-target”  effects  associated  with  the  siRNA  approach  (33). 
In  this  study,  we  carefuUy  designed  our  experiments  and  controls 
to  avoid  the  specificity  problems.  We  used  two  apoE  siRNAs  and 
several  control  siRNAs  in  experiments  to  show  similar  pheno¬ 
types  in  grovrth  inhibition  and  apoptosis  induction  by  the 


Figure  4.  Expression  of  mutant  apoE  protects  OVCAR3  cells  trom 
apoE  siRNA-induced  cell  cycle  arrest  and  apoptosis.  A,  site-directed 
mutagenesis  was  done  to  generate  silent  mutations  in  siRNA-targeted 
sequence  of  apoE.  B,  Western  blot  analysis  shows  that  expression  of 
the  mutant  apoE  in  293  cells  is  similar  between  apoE  siRNA-  and 
control  SiRNA-treated  cells.  The  parental  293  cells  do  not  express 
detectable  apoE  protein.  C,  cell  cycle  analysis  demonstrates  that  cell 
cycle  appears  not  arrested  48  hours  after  apoE  siRNA-1  treatment  in 
OVCAR3  cells  that  express  the  mutant  apoE. 
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Figure  5.  Analysis  of  apoE  expression  pattern  in  different  carcinomas  based  on 
an  analysis  of  SAGE  database.  All  the  SAGE  libraries  from  carcinomas  and 
normal  counterparts  from  ovary,  pancreas,  colon,  breast,  stomach,  and  prostate 
in  the  SAGE  database  are  selected.  The  expression  level  is  shown  as  the 
number  of  apoE  tag  per  one  million  of  total  tag  counts  (y-axis).  Circle,  SAGE 
library;  T,  tumor;  N,  normal  counterpart. 


targeting  siRNAs.  The  phenotype  changes  can  only  be  shown  in 
ovarian  cancer  cells  with  apoE  expression  but  not  in  those 
without  detectable  apoE  expression.  More  importantly,  we  have 
shown  that  expression  of  a  mutant  version  of  apoE  that  cannot 
be  recognized  by  the  siRNA  reverted  the  phenotypes.  Over¬ 
expression  of  the  engineered  mutant  apoE  with  silent  mutations 
tolerated  the  siRNA  silencing  and  rescued  the  cells  after 
treatment  of  the  target  siRNA.  The  above  results  indicated  the 
specificity  of  apoE  siRNA  that  was  used  in  this  study. 

Reduction  of  apoE  expression  resulted  in  a  cell  cycle  arrest 
and  apoptosis  in  apoE-expressing  OVCAR3  cells,  indicating  that 
apoE  is  essential  for  proliferation  and  survival  of  OVCAR3  cells. 
One  of  the  possible  mechanisms  is  that  endogenous  apoE 
molecules  enhance  the  lipid  transport  (endocytosis)  into  the 
tumor  cells  through  the  LDL  receptor  family  members,  which 
are  expressed  in  OVCAR3  cells  (data  not  shown).  Besides,  apoE 
mediates  signal  transduction  upon  binding  to  the  LDL  receptor 
members.  This  autocrine  loop  leads  to  activation  and/or 
expression  of  downstream  proliferative  and  anti-apoptotic 
signals.  This  view  is  supported  by  a  number  of  studies  showing 
that  apoE,  upon  binding  to  LDL  receptor  family  members, 
initiates  cell  signaling  and  exerts  a  variety  of  biological  effects  (8, 
12,  22).  During  tumor  progression  of  ovarian  serous  carcinomas, 
some  carcinomas  acquire  and  become  dependent  on  the  strategy 
by  overexpressing  endogenous  apoE  to  maintain  cell  growth  and 
prevent  apoptosis  through  the  autocrine  mechanism  of  ligand- 
receptor  binding.  Therefore,  inhibition  of  apoE  expression 
abolishes  the  apoE  related  pathway(s),  causing  cell  cycle  arrest 
and  apoptosis. 

Other  than  lipid  transport  and  signal  transduction,  apoE  may 
modify  the  tumor  microenvironment  to  maintain  tumor 
proliferation  and  survival.  Support  for  this  comes  from  a  study 
showing  that  apoE  induces  expression  of  subendothelial  heparan 
sulfate  proteoglycan  (34),  which  may  be  important  for  apoE  in 
preventing  apoptosis  in  kidney  mesangial  cells  (35).  Based  on  the 
studies  using  apoE  knockout  mice  (36-38),  it  has  been  reported 


that  macrophage-derived  apoE  interacts  with  the  extracellular 
matrix  and  that  such  interactions  result  in  the  retention  of 
lipoproteins  in  the  vessel  wall  and  affect  the  bioavailability  of 
cytokines  and  growth  factors  sequestered  in  the  extracellular 
matrix  (39).  Further  studies  are  required  to  determine  if  a 
similar  paracrine  mechanism  operates  in  ovarian  carcinomas. 

Prognostic  markers  that  can  predict  clinical  outcome, 
including  treatment  response  and  overall  survival,  have  substan¬ 
tial  clinical  impacts  in  the  management  of  ovarian  cancer 
patients  (40).  To  further  explore  the  clinical  relevance  of  apoE 
expression  in  ovarian  serous  carcinomas,  we  correlated  its 
expression  and  the  overall  survival  in  patients  with  peritoneal 
effusion  who  did  not  receive  prior  chemotherapy.  Interestingly, 
we  found  a  positive  correlation  of  a  favorable  prognosis  and 
apoE  expression  in  nuclei  of  tumor  cells.  Our  finding  contrasts 
with  a  recent  report  showing  positive  correlation  of  cytoplasmic 
apoE  immunointensity  and  clinical  aggressiveness  in  prostate 
cancer  (41).  This  difference  in  the  prognostic  significance 
between  ovarian  and  prostate  carcinomas  is  intriguing  and 
probably  reflects  different  roles  of  the  apoE  in  different 
tumor  types.  Besides,  the  nuclear  apoE  may  have  different 
cellular  functions  from  cytoplasmic  apoE.  Further  studies  should 
assess  whether  nuclear  apoE  sensitizes  ovarian  cancer  cells  to 
chemotherapeutic  agents,  including  palictaxel  and  carboplatin  in 
vivo.  The  positive  correlation  of  apoE  expression  and  better 
survival  can  only  be  shown  in  effusion  samples  but  not  in  solid 
tumors.  This  finding  is  consistent  with  the  view  that  the 
mortality  of  ovarian  cancer  is  attributed  to  the  effusion  rather 
than  to  the  solid  tumor  (42).  Therefore,  assessment  of  apoE 
expression  in  tumor  cells  from  the  effusion  samples  is  more 
relevant  in  analysis  of  overall  survival. 

In  summary,  this  study  shows  a  new  role  of  apoE  in  human 
cancer.  Cancer  cells  may  depend  on  apoE  for  cell  survival  in 
apoE-expressing  tumors.  ApoE  knockdown  in  OVCAR3  cells 
represents  an  experimental  model  for  the  future  studies  aimed  at 
elucidating  the  basic  mechanisms  by  which  apoE  expression 
contributes  to  cell  proliferation  and  survival  in  cancer.  Finally, 
apoE  expression  has  clinical  relevance  by  serving  as  a  prognostic 
marker  in  ovarian  cancer  patients. 


Overall  Survival  (months) 


Figure  6.  Kaplan-Meier  survival  analysis  shows  that  previously  untreated 
patients  with  carcinoma  cells  in  effusion  showing  nuclear  Immunoreactivify 
of  apoE  (n  =  24,  solid  line)  had  significantly  better  sun/ival  than  those 
with  effusions  showing  negative  expression  {n  =  121,  dashed  line;  43 
versus  28  for  median  overall  sun/ival;  P  =  0.004). 
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Abstract 

Activation  of  mitogen-activated  protein  kinase  (MAPK)  occurs 
in  response  to  various  growth  stimulating  signals  and  as  a 
result  of  activating  mutations  of  the  upstream  regulators, 
KRAS  and  BRAF,  which  can  he  found  in  many  types  of  human 
cancer.  To  investigate  the  roles  of  MAPK  activation  in  tumors 
harboring  KRAS  or  BRAF  mutations,  we  inaetivated  MAPK  in 
ovarian  tumor  cells  using  Cl- 1040,  a  compound  that  selectively 
inhihits  MEK,  an  upstream  regulator  of  MAPK  and  thus 
prevents  MLAPK  activation.  Profound  growth  inhibition  and 
apoptosis  were  observed  in  CI-1040-treated  tumor  cells  with 
mutations  in  either  KRAS  or  BRAF  in  comparison  with  the 
ovarian  cancer  cells  containing  wild-type  sequences.  Long 
serial  analysis  of  gene  expression  identified  several 
differentially  expressed  genes  in  CI-1040-treated  MPSCl  cells 
harboring  an  activating  mutation  in  BRAF  (V599L).  The  most 
striking  changes  were  down-regulation  of  cyclin  Dl,  COBRAl, 
and  transglutaminase-2  and  up-regulation  of  tumor  necrosis 
factor-related  apoptosis-induced  ligand,  thrombospondin-1, 
optineurin,  and  palladin.  These  patterns  of  gene  expression 
were  validated  in  other  Cl-1040-treated  tumor  cells  based  on 
quantitative  PCR.  Constitutive  expression  of  cyclin  Dl  partially 
reversed  the  growth  inhibitory  effect  of  CI-1040  in  MPSCl  cells. 
Our  findings  indicate  that  an  activated  MAPK  pathway  is 
critical  in  tumor  growth  and  survival  of  ovarian  tumors  with 
KRAS  or  BRAF  mutations  and  suggest  that  the  CI-1040  induced 
phenotypes  depend  on  the  mutational  status  of  KRAS  and 
BRAF  in  ovarian  tumors.  (Cancer  Res  2005;  65(5);  1994-2000) 

Introduction 

Ovarian  cancer  is  one  of  the  most  lethal  malignant  diseases  in 
women  and  of  these,  serous  carcinoma  is  the  most  common  type 
(1).  Our  previous  studies  have  shown  that  a  subset  of  serous  tumors 
that  include  low-grade  serous  carcinoma  and  its  precursor,  serous 
borderline  tumor  (2-4)  harbor  mutations  in  either  KRAS  or  BRAF 
(2,  3).  Based  on  mutational  analysis,  we  found  that  mutations  in 
either  BRAF  or  KRAS  occur  in  65%  to  88%  of  these  low-grade 
tumors.  Furthermore,  we  found  that  mutations  in  BRAF  at  codon 
599  and  KRAS  at  codons  12  and  13  were  mutually  exclusive  (2,  5), 
a  finding  consistent  with  the  data  in  melanoma  and  colorectal 
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carcinoma  (6,  7).  This  lends  further  support  to  the  view  that  BRAF 
and  KRAS  mutations  have  an  equivalent  effect  on  tumorigenesis. 
Mutations  in  either  KRAS  or  BRAF  occur  very  early  in  the 
development  of  low-grade  serous  tumors  as  the  same  mutations  of 
KRAS  or  BRAF  can  be  detected  in  both  serous  borderline  tumor 
and  adjacent  cystadenoma  epithelium,  a  presumed  precursor  of 
serous  borderline  tumor  (5).  In  contrast,  mutations  in  KRAS  and 
BRAF  are  rare  in  high-grade  serous  carcinomas,  which  are 
characterized  by  frequent  (>50%)  p53  mutations  (8). 

Mutations  of  either  BRAF  or  KRAS  lead  to  constitutive  activation 
(phosphorylation)  of  the  downstream  target,  mitogen-activated 
protein  kinase  (MAPK),  also  known  as  extracellular  signal- 
regulated  protein  kinase  (ERK;  refs.  9,  10).  In  a  previous  study,  we 
showed  a  correlation  between  mutations  in  BRAF  or  KRAS  and 
overexpression  of  activated  MAPK  in  ovarian  tumor  tissues  further 
supporting  the  above  view  (11).  Activation  of  MAPK  activates 
downstream  cellular  targets  (12,  13)  including  a  variety  of  cellular 
and  nuclear  proteins.  Although  the  function  and  downstream 
effectors  of  the  RAS/RAF/MEK/MAPK  (ERK)  pathway  have  been 
recently  studied  (14),  the  biological  role  of  this  pathway  in  the 
development  of  ovarian  serous  tumors  has  not  been  explored. 

Based  on  our  recent  studies  demonstrating  that  mutations  in 
KRAS  or  BRAF  occur  very  early  in  the  tumor  development  (5)  and 
that  these  mutations  are  associated  with  activation  of  MAPK  in 
ovarian  serous  tumors  (11),  we  hypothesize  that  constitutive 
activation  of  MAPK  plays  a  key  role  in  the  development  of  serous 
tumors  containing  mutant  KRAS  or  BRAF.  To  test  this  hypothesis, 
we  compared  the  phenotypes  and  gene  expression  profiles  in 
cultured  ovarian  serous  tumor  cells  after  treatment  with  a  highly 
potent  and  selective  inhibitor  of  MEKl/2,  CI-1040  (formerly  known 
as  PD  184352;  refs.  15-18)  that  prevents  the  activation  (phosphor¬ 
ylation)  of  MAPK.  One  of  the  differentially  expressed  genes, 
cyclin  Dl,  was  the  most  dramatically  and  consistently  down- 
regulated  by  CI-1040  and  accordingly,  it  was  selected  for  further 
study  for  its  biological  role  in  mediating  MAPK  activation  and  cell 
proliferation. 

Materials  and  Methods 

Cell  Culture  and  Cell  Lines 

OVCAR3,  SKOV3,  and  CAOV3  ovarian  cancer  cell  lines  were  obtained 
from  American  Tissue  Culture  Center  (Rockville,  MD).  MPSCl  cell  line  was 
established  from  a  low-grade  serous  carcinoma.  A  set  of  primary  cultures 
was  established  from  ovarian  serous  tumors,  including  OVPC-1,  OVPC-2, 
OVPC-3,  OVPC-4,  OVPC-5,  OVPC-6,  OVPC-7,  OVPC-8,  and  OVPC-9.  In 
addition,  primary  cultures  of  normal  ovarian  surface  epithelium  and 
ovarian  stroma  were  also  obtained  from  ovarian  tissues  without 
neoplastic  diseases.  The  acquisition  of  anonymous  tissue  specimens  was 
approved  by  the  local  institutional  review  board.  The  diagnoses  were 
confirmed  by  a  surgical  pathologist  (I.S.)  before  harvesting  tumor  samples 


Cancer  Res  2005;  65:  (5).  March  1,  2005 


1994 


www.aacrjournals.org 


MAPK  Inhibition  in  Ovarian  Cancer 


for  experiments.  Primary  tumor  cultures  were  established  from  freshly 
isolated  tumor  samples  by  immunosorting  or  trypsinization.  For  immuno- 
sorting,  fresh  tumor  tissues  were  minced  and  incubated  with  collagenase  A 
(2  mg/mL)  at  37  °C  for  40  minutes.  After  filtration  through  sieve 
membranes  (with  100-pm  pores),  tumor  cells  were  immunosorted  using 
an  anti-Ep-CAM  antibody  bound  to  the  Dynal  beads  (Dynal,  Oslo,  Norway) 
following  the  vendor’s  instructions.  For  direct  trypsinization,  large  frag¬ 
ments  of  fresh  serous  borderline  tumor  tissues  ( ~  1  cm)  were  incubated 
with  trypsin-EDTA  (Life  Technologies,  Grand  Island,  NY)  at  37^*0  for  10 
minutes  with  agitation.  The  detached  epithelial  cells  were  harvested  by 
centrifugation.  This  procedure  significantly  minimized  stromal  cell 
contamination  by  detaching  tumor  epithelial  cells  directly  from  the  tumor 
surface  whereas  keeping  the  underlying  stroma  intact.  Freshly  isolated 
tumor  cells  were  allowed  to  grow  in  culture  and  were  used  for  experiments 
within  two  passages.  Culturing  ovarian  surface  epithelium  was  done  by 
gently  scraping  the  surface  of  normal  ovaries  after  incubation  with  trypsin- 
EDTA  at  37°C  for  15  minutes.  The  purity  of  epithelial  cells  was  determined 
by  the  cytokeratin-8  immunoreactivity.  Samples  with  >98%  cytokeratin-8- 
positive  cells  were  used.  The  culture  of  ovarian  stromal  cells  was 
established  by  mincing  a  piece  of  normal  ovary  after  removing  the  surface 
epithelium.  All  cultures  were  maintained  in  RPMI  1640  supplemented  with 
10%  fecal  bovine  serum  and  1%  antibiotics.  Selection  of  pCMV/cyclin  D1 
stable  clones  was  done  by  minimal  dilution  in  a  selection  medium 
containing  18  pg/mL  of  Blasticidin  (Sigma,  St  Louis,  MO). 

Mutational  Analysis  of  BRAF  and  KRAS 

Genomic  DNA  was  purified  from  all  the  cell  lines  and  primary  cultures 
using  a  Qiaquick  PCR  purification  kit  (Qiagen,  Valencia,  CA).  PCR  was  then 
done  followed  by  nucleotide  sequencing  at  the  Agencourt  Bioscience 
(Beverly,  MA).  Exon  1  of  KRAS  and  exon  15  of  BRAF  were  both  sequenced 
as  each  exon  harbors  almost  all  mutations  of  both  genes  (2-4,  6).  The 
primers  for  PCR  and  sequencing  were  manufactured  by  GeneLink 
(Hawthorne,  NY)  and  their  sequences  were  described  in  a  previous  report 
(5).  The  sequences  were  analyzed  using  the  Lasergene  program,  DNASTAR 
(Madison,  WI). 

LongSAGE  Library  Construction.  Total  RNA  was  isolated  from  MPSCl 
cells  after  9-hour  incubation  with  5  pmol/L  CI-1040  (a  gift  from  M.  Kolodney, 
Department  of  Medicine,  UCLA  School  of  Medicine,  Los  Angeles,  CA;  ref.  19) 
and  DMSO  control.  The  concentration  of  CI-1040  was  used  because  this  was 
the  minimal  concentration  that  abolished  the  expression  of  active  MAPK  in 
MPSC-1  cells  based  on  Western  blot  analysis  in  MPSC-1  cells.  LongSAGE  was 
done  with  2  pg  mRNA  using  the  standard  SAGE  protocol  that  has  been 
detailed  at  http://www.sagenet.org/sage_protocoLhtm  with  the 
modifications  previously  described  (20).  Linkers  containing  the  Mmel 
recognition  site  were  ligated  to  3'  cDNA  ends  after  Malll  digestion  [linker 
lA  (5'-TTTGGATTTGCTGGTGCAGTACAACTAGGCTTAATATCCGACATG- 
3')  and  linker  IB  (5'-TCGGATATTAAGCCTAGTTGTACTGCACCAG- 
CAAATCCC7-amino-modified-3' )]  followed  by  annealing  together  and 
ligation  to  half  the  cDNA  population,  and  linker  2A  (5'-TTTCTGCTCGAATT- 
CAAGCTTCTAACGATGTACGTCCGACATG-3' )  and  linker  2B  (5'-TCGGAC- 
GTACATCGTTAGAAGCTTGAATTCGAGCAGC7-amino-modified-3' )  were 
annealed  together  and  ligated  to  the  remaining  half  of  the  cDNA.  Linker 
tag  molecules  were  released  from  the  cDNA  using  the  Mmel  type  IIS 
restriction  endonuclease  (21).  Digestion  was  done  at  37°C  for  2.5  hours  using 
40  units  Mmel  in  300  pL  of  10  mmol/L  HEPES  (pH  8.0),  2.5  mmol/L 
potassium  acetate,  5  mmol/L  magnesium  acetate,  2  mmol/L  DTT,  and 
40  pmol/L  S-adenosylmethionine.  The  linker  1  tag  and  linker  2  tag  molecules 
were  not  polished  and  were  directly  ligated  together  in  a  6  pL  reaction 
containing  4  units  T4  DNA  ligase  (Invitrogen,  Carlsbad,  CA)  in  the  supplied 
buffer  for  2.5  hours  at  16  °C.  The  ligation  mixture  was  used  to  transform 
bacteria  and  —  3,840  clones  were  sequenced  to  obtain  —  50,000  to  60,000 
tags  from  each  LongSAGE  library  (Agencourt,  MA).  The  SAGE  software  was 
modified  to  allow  extraction  of  21-bp  tags  from  sequences  of  concatemer 
clones. 

Quantitative  PCR  Analysis  of  Candidate  Genes.  Single-stranded  cDNA 
was  synthesized  from  CI-1040  and  DMSO-treated  MPSCl,  OVPC-1,  OVPC-3, 
SKOV3,  and  OVCAR3  cells  at  24  hours  using  the  Superscript  II  reverse 


transcriptase  (Invitrogen)  following  the  manufacturer’s  protocol,  and  mock 
template  preparations  were  prepared  in  parallel  without  the  addition 
of  reverse  transcriptase.  After  analysis  of  LongSAGE  data,  we  selected  the 
top  20  candidates  of  CI-1040  induced  up-regulated  and  down-regulated 
genes  for  real-time  PCR  analysis.  As  we  expected  that  most  tags  would 
correspond  to  the  last  exon  of  the  candidate  LongSAGE  genes,  primers  were 
designed  using  the  Primer  3  interface  (http://www-genome.wi.mit.edu/cgi- 
bin/primer/primer3_www.cgi)  to  span  a  100-  to  200-bp  region  that  included 
the  tag,  and  were  synthesized  by  GeneLink  (Hawthorne,  NY).  Quantitative 
PCR  was  done  using  an  iCycler  (Bio-Rad,  Hercules,  CA)  using  Pico  Green 
dye  (Molecular  Probes,  Eugene,  OR),  and  threshold  numbers  were  collected 
using  the  iCycler  software  version  1.0.  Averages  in  the  threshold  cycle 
number  (Ct)  of  duplicate  measurements  were  obtained.  The  results  were 
expressed  as  the  difference  between  the  Ct  of  the  gene  of  interest  and  the  Ct 
of  a  control  gene  {APP)  for  which  expression  is  relatively  constant  among 
the  SAGE  libraries  analyzed  (22). 

Western  Blot  Analysis 

Cell  lysates  were  prepared  by  dissolving  ceU  pellets  in  the  Laemmli 
sample  buffer  (Bio-Rad)  supplemented  with  5%  of  [i-mercaptoethanol 
(Sigma).  Western  blot  analysis  was  done  on  ovarian  cancer  cell  lines/ 
cultures,  including  MPSCl,  OVCAR3,  SKOV3,  and  OVPC-5.  Similar  amounts 
of  total  protein  from  each  lysate  were  loaded  and  separated  on  10%  Tris- 
Glycine-SDS  polyacrylamide  gels  (Novex,  San  Diego,  CA)  and  electroblotted 
to  the  Millipore  Immobilon-P  polyvinylidene  difluoride  membranes.  The 
membranes  were  probed  with  the  anti-active  MAPK  antibody  (pTEpY, 
1:5,000;  Promega,  Madison,  WI)  or  an  anti-cyclin  D1  antibody  (CDl.l,  1:200; 
abeam,  Cambridge,  MA)  followed  by  a  peroxidase  conjugated  anti-mouse  or 
anti-rabbit  immunoglobulin  (1:20,000).  The  same  membrane  was  probed 
with  an  antibody  that  reacts  with  glyceraldehyde-3-phosphate  dehydroge¬ 
nase  for  loading  controls.  Western  blots  were  developed  by  chemilumines¬ 
cence  (Pierce,  Rockford,  IL). 

Cell  Growth  and  Cell  Cycle  Assays 

For  cell  growth  assay,  cells  were  plated  at  the  same  density  (lO^cells  per 
well)  in  24-well  plates  and  cell  growth  assay  was  done  by  counting  the 
number  of  viable  cells  72  hours  after  treating  the  cells  with  CI-1040  at  5  pmol/ 
L  and  DMSO  (control).  The  data  was  expressed  as  percentage  of  the  DMSO 
control.  The  mean  and  SD  were  obtained  from  three  experiments.  To  assess 
if  cyclin  D1  can  revert  the  growth  inhibitory  effect  of  CI-1040,  we  constructed 
a  mammalian  expression  vector,  pCMV/cyclin  D1  with  a  V5  tag  at  the  COOH 
terminus.  The  cDNA  of  cyclin  D1  was  prepared  from  the  MPSCl  cells,  PCR 
and  cloned  to  a  mammalian  expression  vector,  pcDNA6/V5-His  A 
(Invitrogen).  The  clone  was  sequenced  to  ensure  a  wild-type  coding 
sequence  of  cyclin  Dl.  pCMV/cyclin  D1  was  stably  transfected  into  MPSCl 
cells  using  the  Nucleofector  II  electroporator  (Amaxa,  Koln,  Germany)  under 
a  selection  marker  of  Blasticidin  (18  pg/mL).  MPSCl  cells  with  both  pCMV/ 
cyclin  Dl-  and  pcDNA6/V5-His  A-transfected  cells  were  treated  with  either 
CI-1040  or  DMSO  (control).  Cell  number  was  counted  at  0,  24,  48,  and  72 
hours.  For  cell  cycle  analysis,  both  attached  and  floating  cells  were  harvested 
for  study.  Approximately  3  x  10^  cells  were  resuspended  in  50  pL  of  PBS, 
which  was  then  mixed  with  350  pL  of  staining  solution  containing  0.6% 
NP40,  3%  paraformaldehyde,  and  10  pg/mL  4' ,6-Diamidino-2-phenylindole. 
4'  ,6-diamidino-2-phenylindole-stained  cells  were  subject  to  cell  cycle 
analysis  using  a  BD-LSR  flow  cytometer  (Becton  Dickinson,  Mountain  View, 
CA).  The  sub-Gi  population  in  the  cell  cycle  analysis  was  defined  as  a 
fraction  of  apoptotic  cells.  To  confirm  the  presence  of  apoptotic  cells,  4'  ,6- 
diamidino-2-phenylindole-stained  cells  were  also  examined  under  a  Nikon 
fluorescence  microscope  or  stained  with  Annexin  V  dye. 


Results 

Effects  of  MAPK  Inactivation  on  Ovarian  Serons  Tnmors.  A 

panel  of  ovarian  serous  tumor  ceU  lines  and  primary  cultures  were 
first  analyzed  for  their  mutation  status  in  the  KRAS  and  BRAF 
genes.  Their  mutational  status  was  correlated  with  growth 
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Figure  1.  Effects  of  CI-1 040  on  cell 
proliferation.  Cell  number  was  counted 
after  72  hours  of  CI-1 040  or  DMSO 
(control)  treatment.  The  mutational  status 
of  KRAS  and  BRAE  for  each  sample  is 
shown  next  to  the  tumor  cell  cultures  and 
cell  lines.  Ovarian  tumors  with  mutations  in 
either  KRAS  or  BRAE  are  more  sensitive 
to  growth  inhibition  by  CI-1 040  than  those 
with  wild-type  sequences. 


inhibition  and  apoptosis  induction  by  Cl- 1040  which  inhibits  MEK 
and  thus  prevents  activation  of  its  downstream  target,  MAPK 
(ERK).  Western  blot  analysis  showed  a  dose-dependent  effect  on 
the  expression  of  active  MAPK  in  MPSCl  cells  and  active  MAPK 
was  not  detectable  6  hours  after  treating  the  cells  with  Cl- 1040  at 
5  pmol/L,  which  was  the  concentration  used  in  this  study.  As 
shown  in  Fig.  1,  six  of  the  tumors  harboring  either  KRAS  or  BRAF 
mutations  showed  a  marked  reduction  (<50%  of  DMSO  control)  in 
the  ceU  number  in  Cl-1040-treated  group  as  compared  with  the 
other  seven  tumors  containing  wild-type  KRAS  and  BRAF 
{P  <  0.001).  Normal  cells  including  ovarian  surface  epithelial 
cultures  and  ovarian  stromal  cells  did  not  show  a  significant  effect 
on  growth  inhibition  by  Cl- 1040.  Cell  cycle  analysis  showed  a  time- 
dependent  cell  cycle  arrest  at  Gi  phase  in  MPSCl  cells  that 
contained  an  activating  mutation  in  BRAF  (V599L),  but  such  arrest 
was  not  apparent  in  SKOV3  and  OVCAR3  cells  which  did  not  have 
mutations  in  KRAS  or  BRAF  (Fig.  2).  Besides,  Cl- 1040  induced 
apoptosis  was  more  remarkable  in  the  cell  cultures  and  cell  lines 
with  either  KRAS  or  BRAF  mutations  than  those  with  wild-type 
sequences  (Fig.  3). 

LongSAGE.  To  determine  the  molecules  that  are  potentially 
regulated  by  MAPK  activation  in  ovarian  serous  tumors,  we 
compared  the  gene  expression  profiles  between  the  MPSCl  cells 
(with  mutant  BRAF)  treated  with  Cl- 1040  and  DMSO  control  using 
LongSAGE  which  is  a  technique  modified  from  conventional  SAGE. 
LongSAGE  uses  a  different  mapping  enzyme  to  analyze  longer  tags 
that  allows  for  direct  and  comprehensive  comparison  in  gene 
expression  profiles  (20,  23).  To  identify  the  early  alteration  in  gene 
expression,  we  did  LongSAGE  in  MPSCl  cells  9  hours  after  Cl-1040 
treatment  when  the  ceU  cycle  arrest  began  to  become  evident  and 
the  active  MAPK  was  undetectable.  A  total  of  55,546  and  50,716 
tags  (transcripts)  were  obtained  from  Cl-1040  and  DMSO 
LongSAGE  libraries,  respectively.  Tags  {n  =  168)  were  selected 
based  on  the  CHIDIST  value  of  >0.8896  and  among  them,  93  tags 
were  further  chosen  based  on  the  ratio  of  tag  number  of  each 
library  (i.e.,  DMSO/  Cl-1040  or  C1-1040/DMSO)  >3.  Thus,  almost  all 
the  genes  showed  a  similar  tag  count  (<3-fold)  in  both  libraries 
except  those  93  genes  that  represented  0.46%  of  ~  20,250  unique 
tags.  We  selected  the  top  20  genes  for  validation  based  on  the 
largest  fold  difference  in  tag  number  between  Cl-1040  and  DMSO 


LongSAGE  libraries.  The  validation  was  done  in  two  steps  using  an 
independent  assay,  the  quantitative  real-time  PCR.  First,  14 
candidate  genes  were  selected  as  the  pattern  of  gene  expression 
was  identical  between  LongSAGE  and  real-time  PCR  in  MPSCl 
cells.  The  gene  names,  unigene  number,  possible  functions,  and 
expression  levels  of  LongSAGE  and  real-time  PCR  are  listed  in 
Table  1.  In  the  second  step,  the  genes  identified  in  step  1  were 
further  tested  in  Cl-1040-  and  DMSO-treated  OVPC-1,  OVPC-3,  and 
OVPC-5  primary  cultures  in  which  sufficient  RNA  was  available  for 
multiple  real-time  PCR  analyses.  Of  the  14  genes,  we  found  that  10 
genes  showed  consistent  alteration  in  gene  expression  in  at  least 


A. 


B. 


Figure  2.  Cell  cycle  analysis  of  MPSCl  cells  (A)  and  OVCAR3  cells  (B). 
CI-1040-treated  MPSCl  cells  harboring  a  BRAF  mutation  show  a  gradual 
loss  of  S  and  G2-M  peaks  and  an  accumulation  of  cells  in  the  Gi  phase. 

In  contrast,  OVCAR3  cells  with  wild-type  KRAS  and  BRAF  show  only  a  mild  Gi 
arrest. 
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Figure  3.  Detection  of  apoptotic  cells.  A,  apoptotic  cells  are  quantified  by  the 
sub-Gi  fraction  in  four  cell  cultures  with  mutations  in  KRAS  or  BRAF 
{MPSC1,  OVPC-2,  OVPC-3,  and  OVPC-5)  and  in  three  cell  lines  with 
wild-type  sequence  {SKOV3,  OVCAR3,  and  CAOV3).  The  experiment  was 
done  72  hours  after  CI-1040  or  DMSO  treatment.  B,  many  of  the  CI-1040-treated 
cells  but  not  OVCAR3  cells  show  morphologic  features  typical  of  apoptosis. 

three  of  four  low-grade  tumors  including  MPSCl,  OVPC-f,  OVPC-3, 
and  OVPC-5  (Table  2).  The  up-regulated  genes  included  tumor 
necrosis  factor-related  apoptosis-induced  ligand  {TRAIL),  throm¬ 
bospondin-1,  optineurin,  palladin,  and  pannexin  and  the  down- 
regulated  genes  contained  cyclin  Dl,  COBRAl  (cofactor  of  BRCAf), 
transglutaminase-2,  HSPC152  (not  yet  annotated)  and  protein 
phosphatase  (PP1R14B).  In  fact,  down-regulation  of  cyclin  Dl  and 
COBRAl  and  up-regulation  of  pannexin  were  observed  in  all  four 
cultures. 

Constitutive  Expression  of  Cyelin  Dl.  Among  the  differen¬ 
tially  expressed  genes,  cyclin  Dl  showed  the  most  dramatic 
changes  in  the  expression  level  (23-fold  less  by  LongSAGE  and 
11-fold  less  by  real-time  PCR)  in  MPSCl  ceUs  and  in  all  other 
three  tumors  by  real-time  PCR  after  CI-1040  treatment.  It  was 
therefore  selected  for  further  study  to  assess  its  biological  role 
in  MAPK-mediated  effects.  Western  blot  analysis  showed  that 
cyclin  Dl  protein  was  undetectable  in  MPSCl,  OVCAR3,  SKOV3, 
and  OVPC-2  ceUs  24  hours  after  treating  the  ceUs  with  CI-1040 
(Fig.  4).  Because  it  has  been  reported  that  cyclin  Dl  promoter 
is  related  to  the  activation  of  MAPK  (24,  25),  we  established  an 
expression  vector  (pCMV/cyclin  Dl)  that  constitutively  expressed 
cyclin  Dl.  MPSCl  cells  were  transfected  with  pCMV/cyclin  Dl 
or  the  empty  vector  alone  (as  the  control)  and  stable  clones 
were  selected  for  cell  growth  assay.  Expression  of  engineered 
cyclin  Dl  was  detected  by  Western  blot  analysis  using  an  anti- 
V5  antibody  which  recognized  the  V5-cyclin  Dl  fusion  protein 
(data  not  shown).  As  shown  in  Fig.  5,  Western  blot  analysis 
showed  that  the  endogenous  cyclin  Dl  was  reduced  to  an 


undetectable  level  after  CI-1040  treatment  in  both  pCMV/cyclin 
Dl-transfected  and  control  MPSCl  cells.  In  contrast,  the 
engineered  cyclin  Dl  expression  was  not  affected  by  CI-1040. 
CeU  proliferation  was  determined  by  counting  the  ceU  number  at 
various  time  points.  Constitutive  expression  of  cyclin  Dl  did  not 
show  significant  changes  in  cell  number  as  compared  with  the 
controls  (Fig.  5).  Interestingly,  expression  of  cyclin  Dl  driven  by  a 
cytomegalovirus  promoter  partiaUy  reversed  the  growth  inhibitory 
effect  of  CI-1040  as  the  cell  counts  significantly  increased  as 
compared  with  the  CI-1040-treated  cells  transfected  with  the 
control  vector  although  it  did  not  achieve  to  a  similar  level  of 
cells  treated  with  DMSO. 

Discussion 

Although  the  biological  roles  of  the  RAS/RAF/MEK/MAPK 
(ERK)  pathway  in  human  cancer  have  been  studied  for  several 
years,  it  is  not  known  whether  its  role  in  tumor  progression 
differs  in  tumors  with  and  without  activating  KRAS  or  BRAF 
mutations.  In  this  study,  we  did  a  genotype-phenotype  correla¬ 
tion  of  ovarian  tumor  cells  using  a  MEK  inhibitor,  CI-1040,  and 
provided  evidence  that  the  biological  effects  of  the  MAPK 
signaling  pathway  depend  on  the  mutation  status  of  its 
upstream  regulator  (i.e.,  KRAS  and  BRAF  genes).  Ovarian  tumors 
with  mutations  in  either  KRAS  or  BRAF  were  more  sensitive  to 
growth  inhibition  and  apoptosis  induction  by  the  MAPK 
inhibitor,  CI-1040.  This  observation  suggests  that  ovarian  tumors 
with  mutations  in  either  KRAS  or  BRAF  depend  much  more  on 
the  activation  of  the  RAS/RAF/MEK/MAPK  pathway  for  cell 
proliferation  and  survival  than  those  without  such  mutations. 
Thus,  inactivation  of  MAPK  results  in  a  marked  growth 
inhibition  in  ovarian  tumors  with  mutations  in  KRAS  or  BRAF 
and  only  a  modest  effect  in  tumors  with  wild-type  KRAS  and 
BRAF.  Our  result  is  consistent  with  a  recent  report  showing  that 
CI-1040  significantly  inhibited  proliferation  in  melanoma  cell 
lines  harboring  mutant  BRAF,  but  not  in  the  cell  line  with  wild- 
type  KRAS  and  BRAF  genes  (19).  The  above  observations  lend 
strong  support  to  the  view  of  “kinase  addiction”  by  which  the 
activating  mutations  in  the  kinase  pathway  confer  susceptibility 
of  the  tumors  to  the  inhibitor  (16,  26).  As  ovarian  serous  tumors 
with  KRAS  or  BRAF  mutations  are  almost  exclusively  low  grade 
(2,  3),  which  are  generally  not  sensitive  to  conventional 
chemotherapeutic  agents  (27,  28),  our  findings  may  have 
practical  implication.  Thus,  CI-1040  can  become  a  potential 
drug  for  the  treatment  of  ovarian  tumors  with  KRAS  or  BRAF 
mutations.  This  is  further  supported  by  the  effectiveness  of  CI- 
1040  in  treating  experimental  tumors  in  mice  with  colon 
carcinomas  of  either  mouse  or  human  origin  (16).  In  that  study, 
efficacy  was  achieved  with  a  wide  range  of  doses  and  was 
correlated  with  a  reduction  in  the  levels  of  activated, 
phosphorylated  MAPK  in  tumors  excised  from  treated  animals 
without  overt  toxicity.  In  this  study,  we  focused  on  CI-1040 
because  it  inhibited  the  common  downstream  target  in  the  RAS 
signaling  pathway  and  the  compound  may  provide  a  convenient 
therapeutic  strategy  for  patients  with  either  KRAS  or  BRAF 
mutations.  Besides,  CI-1040  has  a  relatively  high  selectivity  in 
inhibiting  MEK;  therefore,  it  provides  a  reliable  tool  to  study  the 
biological  effects  of  KRAS/BRAF/MEK/MAPK  pathway  in  low- 
grade  serous  tumors.  Future  studies  will  be  done  to  address 
whether  the  inhibitors  of  KRAS  and  BRAF  have  similar  effects  on 
low-grade  ovarian  serous  tumors. 
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Table  1.  Differentially  expressed  genes  after  inactivation  of  MARK  in  MPSC1  cells 


Gene  name 

UniGene 

number 

Possible  functions 

Tag  count 
CI-1040-treated 

cells 

Tag  count 
DMSO-treated 

cells 

Fold  of  difference  by 
real-time  PCR 

Cyclin  D1 

371468 

Cell  cycle  progression  of  Gi  phase; 
proto-oncogene. 

1 

23 

10.9-fold  down 

COBRAl 

410095 

Binds  to  chromatin-unfolding 
domains  of  BRCAl  and  induces 

chromatin  decondensation 

0 

6 

3.7-fold  down 

HSPC152 

333579 

Unknown  function,  hypothetical  protein 

2 

12 

3.1-fold  down 

NFh-B 

458276 

Transcription  factor,  involved  in  the 
inflammatory  and  immune  response 

0 

6 

3.6-fold  down 

PPP1R14B 

120197 

PPP;  Ser/Thr  phosphatases  implicated  in  a 

16 

37 

2.9-fold  down 

PPP2R5D 

118244 

multitude  of  cellular  functions 

0 

7 

3.5-fold  down 

Transglutaminase-2 

512708 

Catalyze  cross-linking  of  proteins. 

Maybe  involved  in  apoptosis. 

3 

27 

4.4-fold  down 

TRAIL 

387871 

Mediator  of  apoptosis,  immune 
regulation  and  inflammation. 

17 

3 

2.5-fold  up 

Thromhospondin-1 

164226 

Inhibits  angiogenesis  and  tumorigenesis, 
extracellular  matrix  protein 

11 

0 

2-fotd  up 

Calnexin 

155560 

Type-I  integral  membrane 

protein  (lectin)  that  serves  as 
molecular  chaperone  for  glycoproteins 
in  the  endoplasmic. 

6 

0 

2.3-fotd  up 

Nucleobindin 

172609 

Might  play  a  role  in  G  protein-  and 
Ca^^-regulated  signal  transduction 

6 

0 

3-fold  up 

Optineurin 

390162 

Cellular  target  for  adenovirus  E3. 

Affecting  ceU  death  through  the  tumor 
necrosis  factor  receptor. 

8 

0 

2.5-fold  up 

Palladin 

194431 

Actin-associated  protein  that  control 
cell  shape,  adhesion,  and  contraction. 

23 

8 

3.4-fold  up 

Pannexin 

32163 

Induced  formation  of  intercellular  channels. 

7 

0 

2.7-fold  up 

NOTE:  Expression  level  in  CI-1040-  versus  DMSO-treated  MPCSl  cells. 
Abbreviation:  PPP,  protein  phosphatase. 


In  this  study,  we  applied  LongSAGE  as  a  discovery  tool  to 
identify  genes  in  which  their  expression  was  altered  shortly 
(9  hours)  after  CI-1040  treatment.  Among  aU  the  differentially 
expressed  genes,  cyclin  D1  showed  the  greatest  fold  in  the 


alteration  of  gene  expression.  Cyclin  D1  plays  an  important  role 
in  the  cell  cycle  transition  from  Gj-to-S  phase  by  association  with 
cychn-dependent  kinases  (cdk)  4  and  6  which  phosphorylate  the 
retinoblastoma  protein,  blocking  its  growth  inhibitory  activity  and 


Table  2.  Validation  of  differentially  expressed  genes  by 
quantitative  PCR 


Gene  name 

MPSC1 

OVPC-1 

OVPC-3 

OVPC-5 

Cyclin  D1 

■ 

COBRA1 

HSPC152 

NF-KB 

PPP1R14B 

PPP2R5D 

T  ransqlutaminase-2 

TRAIL 

Thrombospondin-1 

Calnexin 

Nucleobindin 

Optineurin 

Palladin 

Pannexin 

EQ  20  fold  down 

H5 

-10 

-5 

,  -4  I 
-3 
-2 

0  No  change 


2 

3 


MPSC1  SKOV3  OVCAR3  OVPC-5 

KRAS  wild  type  wild  type  wild  type  wild  type 
BRAF  V599L  wild  type  wild  type  wild  type 

D  C|D  C|DC|D  C 


Figure  4.  Western  blot  analysis.  Expression  of  active  MARK  and  cyclin  D1  is 
undetectable  in  all  CI-1040-treated  samples.  A  similar  amount  ot  protein  was 
ioaded  in  CI-1040-  and  DMSO-treated  samples  as  evidenced  by  a  similar  intensity 
ot  glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH).  D,  DMSO  treatment; 
C,  CI-1040  treatment. 
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Figure  5.  Effect  of  engineered  cyclin 
D1  expression  in  MPSC1  cells. 

A,  Western  blot  analysis  shows 
expression  of  cyclin  D1/V5  fusion 
protein  that  is  independent  of  CI-1040 
as  the  gene  expression  is  driven 
by  pCMV/cyclin  D1 .  In  contrast,  the 
endogenous  cyclin  D1  is  undetectable 
after  CI-1040  treatment.  B,  pCMV/ 
cyclin  Dl-transfected  MPSC1 
cells  are  less  sensitive  to  CI-1040 
treatment  as  shown  by  the 
growth  curve. 


A. 


B. 


Cyclin  D1/V5  fusion 
protein 

Endogenous  cyclin  D1^ 
GAPDH-^ 


pCMV/cyclin  D1  -  -  -i-  -i- 
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promoting  the  release  of  bound  E2F  transcription  factor.  These 
events  facilitate  the  activation  of  cyclin  E-cdk  2  and  cyclin  A-cdk 
2,  molecules  required  for  the  entry  into  and  completion  of  S 
phase  (29,  30).  Thus,  the  Gi  cell  cycle  arrest  as  observed  in  CI- 
1040-treated  MPSCl  cells  is  consistent  with  the  function  of  cyclin 
Dl.  Several  studies  have  reported  that  overexpression  of  cyclin  D1 
occurs  in  several  types  of  human  cancer  including  ovarian  serous 
tumors  based  on  immunohistochemistry  (31).  In  ovarian  tumors, 
overexpression  of  cyclin  Dl  is  associated  with  low-grade  tumors 
(31),  a  finding  consistent  with  our  view  that  cyclin  Dl  is 
a  downstream  target  of  active  MAPK  which  is  constitutively 
expressed  in  most  low-grade  ovarian  tumors  because  of  their 
frequent  activating  mutations  in  KRAS  and  BRAE.  In  the  present 
study.  Western  blot  analysis  showed  a  significant  decrease  of 
cyclin  Dl  in  all  the  ovarian  tumor  cell  lines  and  primary  cultures 
examined  independent  of  their  mutational  status  in  KRAS  and 
BRAE.  This  observation  is  in  accordance  with  a  previous  report 
showing  that  inhibition  of  the  ERKl  and  ERK2  MAPK  signaling  by 
expression  of  dominant-negative  forms  of  MAPK  or  by  MAP 
kinase  phosphatase  strongly  inhibited  cyclin  Dl  promoter  (24).  In 
addition,  expression  of  cyclin  Dl  and  overexpression  of  consti¬ 
tutively  active  MKKl  mutant  dramatically  increased  cyclin  Dl 
promoter  activity  and  cyclin  Dl  protein  expression  (24).  To 
address  whether  cyclin  Dl  is  required  for  active  MAPK-mediated 
cell  proliferation,  we  established  a  stable  MPSCl  line  that 
constitutively  expresses  cyclin  Dl  and  showed  that  the  trans¬ 
fected  cells  were  less  sensitive  to  the  growth  inhibitory  effect  of 
CI-1040,  providing  cogent  evidence  to  support  the  role  of  cyclin 
Dl  as  a  downstream  target  in  the  MAPK  pathway.  Although 
cyclin  Dl  expression  rescues  growth  suppression  by  CI-1040,  it 
may  not  recapitulate  aU  the  functions  in  cell  proliferation  of 
active  MAPK.  This  is  because  alterations  in  other  genes  may 
occur  later  and  are  therefore  not  detected  by  LongSAGE  before  it 
was  done.  It  is  interesting  to  note  that  the  ovarian  cancer  cells 
with  wild-type  KRAS  and  BRAE  were  less  dependent  on  cyclin  Dl 
for  cell  proliferation  because  the  expression  level  of  cyclin  Dl  was 
dovm-regulated  to  an  undetectable  level  by  CI-1040,  whereas  the 
growth  in  those  tumor  cells  was  only  mildly  inhibited. 

TRAIL  represents  a  well-known  gene  that  is  up-regulated  after 
CI-1040  treatment.  TRAIL  is  a  member  of  the  death  ligand  family 
and  consists  of  an  extracellular  TRAIL  binding  domain  and  a 
cytoplasmic  “death  domain.”  Binding  of  TRAIL  to  its  receptor 
facilitates  the  induction  of  apoptosis  (32-34).  Our  finding  of  up- 
regulation  of  TRAIL  after  MAPK  inhibition  in  ovarian  tumor  cells 
with  mutations  in  KRAS/BRAE  but  not  in  those  with  wild-type 


sequences  suggests  that  CI-1040  induced  apoptosis  is  related  to  the 
expression  of  TRAIL.  This  finding  complements  a  recent  report 
showing  that  activation  of  MAPK  suppressed  the  expression  of 
TRAIL  in  nontransformed  mammalian  epithelial  cells  based  on  gene 
expression  profiling  using  oligonucleotide  expression  arrays  (14). 

The  functional  roles  of  other  CI-1040-responsive  genes  are  less 
clear  in  the  development  of  ovarian  cancer.  COBRAl  is  a  novel 
cofactor  of  the  BRCAl  protein  and  has  been  cloned  from  a 
human  ovarian  cDNA  library  (35).  It  binds  to  the  chromosome 
site  by  the  first  BRCT  repeat  of  BRCAl  protein  and  is  itself 
sufficient  to  induce  chromatin  unfolding.  Thrombospondin  is  an 
extracellular  matrix  protein  that  plays  a  role  in  tumor  progression 
by  modifying  tumor  microenvironment.  It  has  been  shown  that 
thrombospondin  expression  is  repressed  by  RAS  and  MYC  (36). 
Thrombospondin  also  inhibits  tumorigenesis  by  suppressing  the 
activity  of  matrix  metalloproteinase-9  (37)  and  inhibits  angiogen¬ 
esis  by  binding  to  the  CD36  receptor  protein,  which  is  present  on 
endothelial  cell  surfaces  (38).  Thrombospondin  is  able  to  inhibit 
cancer  cell  growth  and  prevents  metastasis  in  several  tumor 
models,  including  breast,  skin,  and  lung  carcinomas  and 
melanoma  and  malignant  gliomas;  its  repression  also  promotes 
tumor  growth  (39-41).  Transglutaminase-2  is  an  enzyme  that 
catalyzes  the  post-translational  modification  of  proteins  by  the 
formation  of  cross-links  (42).  future  studies  will  focus  on 
demonstrating  the  functions  of  these  genes  in  response  to  ac¬ 
tivation  of  the  RAS/RAE/MEK/MAPK  pathway  in  ovarian  tumors. 

In  summary,  we  have  shown  a  genotype  (mutation  status  of 
KRAS/BRAE)-dependent  phenotypic  change  (i.e.,  cell  proliferation 
and  apoptosis),  in  ovarian  serous  tumors  in  response  to  MAPK 
inactivation.  The  findings  in  this  study  provide  new  insight  into  the 
biological  roles  of  the  RAS/RAE/MEK/MAPK  signaling  pathway  in 
ovarian  serous  tumors  and  have  important  therapeutic  implication 
in  ovarian  cancer  patients  with  KRAS  or  BRAE  mutations.  Ovarian 
tumors  with  KRAS  or  BRAE  mutations  are  clinically  low-grade  and 
they  are  refractory  to  conventional  cytotoxic  chemotherapy  (27,  28). 
Detection  of  KRAS  and  BRAE  mutations  in  ovarian  cancers  may 
identify  patients  who  will  benefit  from  CI-1040  treatment. 
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Introduction 

The  immune  system  constantly  surveys  the  body  for  ‘non-self  antigens,  and  generates  a  response  in  the 
appropriate  context.  A  key  finding  of  cancer  biology  is  that  cancer  patients  often  generate  antibody  to 
neoantigens  specifically  expressed  in  their  tumor  {1).  Autologous  antibodies  have  been  documented  in 
patients  afflicted  with  a  variety  of  different  cancers,  (2-4)  including  ovarian  cancer  (5).  Autologous 
antibodies  generated  by  cancer  patients  have  been  used  to  screen  expression  libraries  for  tumor  antigens. 
This  technique,  originally  described  by  Sahin  et  al  and  termed  SEREX  (serologic  analysis  of  recombinant 
cDNA  expression  libraries  of  human  tumors  with  autologous  serum),  has  been  used  to  obtain  tumor  antigen 
cDNA  clones.  SEREX  has  been  applied  to  tumors  of  many  organs  (6)  and  antibody  specific  for  antigens 
identified  by  SEREX  in  other  cancer  types  have  been  demonstrated  in  ovarian  cancer  patients  (7,  8). 
Tumor-specific  autoantigens  that  are  common  among  ovarian  cancer  patients  but  not  recognized  by  sera  of 
healthy  volunteers  have  been  identified  by  us  e.g.  HOXA7  and  HOXB7,  and  others  e.g.  cathepsin  D  and 
GRP78  (9).  Although  expressed,  Cathepsin  D  and  GRP78  derived  from  normal  tissue  were  not  recognized 
by  sera  from  ovarian  cancer  patients  implying  that  they  contain  tumor-specific  epitopes  (9).  Detection  of 
these  autologous  antibody  responses  to  ovarian  cancer  antigens  appears  to  have  prognostic  significance 
{10).  SEREX  antigenes  derived  from  early  stage  serous  carcinoma  may  represent  useful  biomarkers  for  the 
dissection  of  molecular  pathways  of  serous  carcinoma  (Dr  Shih,  Project  1).  SEREX  antigens  are  also 
potential  targets  for  cancer  immunotherapy  {11)  (Dr  Wu,  Project  3). 

Body 

Objective  1 :  Obtain  cDNAs  of  autologous  tumor  antigens  recognized  by  sera  of  patients  with  early 
stage  serous  carcinoma,  but  not  controls. 

Task  1.1.  Screen  sera  of  patients  (n=12)  with  early  stage  serous  carcinoma  by  Western  blot  analysis  to 
identify  those  patients  with  high  titer  autologous  tumor-reactive  antibody  (months  0-2). 

We  have  performed  Western  blot  analysis  to  select  sera  suitable  for  immunoscreening  of  a  cDNA 
expression  library.  We  have  screened  with  sera  from  patients  with  micropapillary  serous  carcinoma,  which 
has  been  proposed  as  a  precursor/intermediate  of  serous  carcinoma.  We  also  tested  immunopreciptation, 
rather  than  Western  blot,  as  a  method  to  identify  autologous  tumor  antigens.  We  derived  a  cell  line  from  a 
micropapillary  serous  carcinoma  of  patient  JH514.  Affinity  purified  serum  immunoglobulin  from  the  same 
patient  was  covalently  coupled  to  Sepharose  beads,  and  these  beads  used  to  immunoprecipitate  antigens 
from  detergent  lysate  of  the  autologous  JH514  cell  line.  The  serum  antibody  from  this  patient  recognized 
two  autologous  tumor  associated  antigens  of  approximately  lOOkDa  and  200kDa  (Fig.  1). 


Figure  1 .  Immunoaffinity  purification  of  autologous  tumor  antigens  for  -250 

micropapillary  serous  carcinoma  of  the  ovary.  Serum  from  a  patient  with 

MPSC,  JHSI 4,  was  passed  over  a  protein-G  spin  column.  After  washing,  -150 

the  antibody  was  covalently  linked  with  a  cross-linker.  The  column  was  then 

washed  with  low  pH  elution  buffer  followed  by  PBS.  A  detergent  lysate  was  iPRi  "1 00 

prepared  from  a  MPSC  cell  line  derived  from  the  same  patient.  This  lysate 

was  passed  through  the  column.  After  washing,  the  column  was  eluted  in  -75 

low  pH.  The  eluate  was  separated  by  SDS-PAGE  on  an  8%  gel.  The  _5q 

proteins  were  stained  with  Coomassie  Blue.  Antigens  of  -lOOkDa  and 

~200kDa  were  excised  for  mass  spectrometry. 
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Task  1.2.  Generate  serous  carcinoma  cDNA  expression  libraries  and  immuno-screen  with  autologous 
patient  (n=3)  serum  antibody  to  identify  SEREX  antigens  (months  2-14). 

The  generation  of  a  cDNA  expression  library  derived  from  the  serous  carcinoma  cell  line  OVCAR-3  in 
ongoing.  During  the  first  year  of  funding  we  have  also  developed  a  complementary  technology  for  the 
identification  of  autologous  tumor  antigens  that  is  based  upon  immunopreciptation  and  antigen  identification 
using  mass  spectrometry.  This  approach  has  a  key  advantage  over  SEREX  screening  in  that  the  antigen  is 
expressed  in  its  native  conformation  and  with  the  appropriate  post-translational  modifications.  Therefore  we 
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excised  the  bands  from  the  gel  shown  in  Figure  1,  subjected  the  antigens  to  trypsin  digest  and  determine 
the  charge/mass  ratio  for  the  peptides  present  by  mass  spectrometry  (Fig  2  and  not  shown). 


‘  0 
3500 


Figure  2.  Mass  spectrometry  of  tryptic  peptides  derived  from  the  ~100kDa  ovarian  cancer- 
associated  antigen. 


Task  1.3.  Sequence  SEREX  antigen  cDNAs  identified  in  screen  and  analyze  sequences  using  BLAST 
searches  (months  14-15). 

The  prospector  website  was  used  to  search  for  proteins  with  matching  peptides.  The  ~100kDa  and 
~200kDa  antigens  were  identified  by  their  peptide  signatures  as  SMAP-1  (lOIkDa)  (shown  for  SMAP-1  in 
Table  1)  and  KIAA1529  (195kDa).  Nothing  is  known  about  the  KIAA1529  antigen  and  no  significant 
homologies  or  domains  were  identified.  SMAP-1  has  three  TPR  domains,  and  a  recent  report  suggests  that 
this  protein  is  a  chaperone  that  interacts  with  HSP90  and  facilitates  myosin  motor  assembly. 

Table  1.  Expected  and  observed  M/z  for  peptides  of  SMAP-1  and  the  lOOkDa  antigen.  Matched  peptides 
cover  12%  of  the  SMAP-1  protein,  with  53  unmatched  masses.  13/66  peptides  match  SMAP-1  (AB01 4729), 
estimated  MW  of  101676.3Da,  and  SMAP-1  b(AB01 4736). _ 


M/z 

submitted 

MH+ 

matched 

ADa 

Missed 

cleavages 

Database  Sequence 

523.2691 

523.2186 

0.050 

0 

(K)CSEK(D) 

562.2315 

562.3201 

-0.089 

1 

(K)GTEKK(Q) 

1074.6897 

1074.5618 

0.13 

1 

(R)CVSLEPKNK(V) 

1179.6649 

1179.5618 

0.085 

0 

(K)SWFEGQGLAGK(L) 

1186.7039 

1186.5414 

0.16 

0/1  Met-ox 

(K)LGSAGGTDFSMK(Q) 

1287.7267 

1287.7749 

-0.048 

1 

(R)TVATLSILGTRR(V) 

1320.6865 

1320.7527 

-0.066 

0 

(R)ASFITANGVSLLK(D) 

1661.9771 

1661.8606 

0.12 

0 

(R)LLDMGETDLMLAALR(T) 

1677.9307 

1677.8556 

0.075 

0/1  Met-ox 

(R)LLDMGETDLMLAALR(T) 

1693.9454 

1693.8505 

0.095 

0/2  Met-ox 

(R)LLDMGETDLMLAALR(T) 

1797.9774 

1797.9063 

0.071 

0 

(R)WAVEGLAYLTFDADVK(E) 

2225.2600 

2225.1119 

0.15 

0 

(R)EIASTLMESEMMEILSVLAK(G) 

2273.2726 

2273.0966 

0.18 

0/3  Met-ox 

(R)EIASTLMESEMMEILSVLAK(G) 
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Task  1.4  Express  SEREX  antigens  and  purify  from  bacteria  (months  15-21). 

We  obtained  the  full  length  cDNAs  for  human  (MGC-999)  and  mouse  SMAP-1  (MGC-7875).  We  expressed 
full  length  human  SMAP-1  with  a  6His  tag  in  bacteria  and  purified  the  protein.  Similarly,  we  expressed  a 
central  conserved  region  of  murine  SMAP-1  with  a  6His  tag  and  purified  this  protein  from  bacteria  (Fig  3). 

Figure  3.  Purification  of  recombinant  SMAP-1  conserved  1  2  3  4  5  6 

peptide  from  E.coli.  A  central  portion  of  murine  SMAP-1  was 
subcloned  into  pProExHT.  Transformed  E.coli  DH5a  were 
induced  for6h  in  ImM  IPTG.  Affinity  purification  on  a  Ni-NTA 
Sepharose  column  was  performed  according  to  Qiagen’s 
protocol.  Fractions  were  separated  in  a  12%  SDS-PAGE  gel 
and  stained  with  Coomassie  Blue.  Lane  1:  Uninduced  E.coli, 

Lane  2:  Induced  E.coli,  Lane  3:  Lysate  of  induced  E.coli, 

Lane  4:  Column  flow  through.  Lanes  5  and  6:  Elution  fraction. 


Task  1 .5  Determine  the  prevalence  of  serum  antibody  specific  to  each  SEREX  antigen  by  direct 
ELISA  in  a  case/control  study  (months  21-27).  (100  ovarian  carcinoma  patient  sera,  102  sera  from  patients 
with  benign  ovarian  tumors  and  200  control  sera  will  be  tested.) 

To  explore  the  utility  of  autologous  serum  antibody  specific  to  particular  TAAs  as  an  additional  tool  for 
discrimination  of  sera  from  cancer  patients  and  healthy  women,  we  generated  recombinant  protein  from  13 
markers  previously  identified  as  candidate  TAAs  (see  Table  6)  and  selected  5  presumptive  control  reagents 
(uncoated  beads  and  beads  coated  with  anti-human  IgG,  human  IgG,  vector  alone  extracts  and  calmodulin, 
see  Table  6).  Sera  from  both  healthy  women  and  ovarian  cancer  patients  derived  from  two  different 
academic  centers  were  tested  in  parallel  for  reactivity  to  all  18  panel  elements.  Initially  we  tested  sera  of  23 
healthy  patients  as  controls  and  sera  from  86  stage  lll/IV  ovarian  cancer  patients.  This  set  of  sera  was 
analyzed  for  reactivity  to  microspheres  of  discrete  sizes  coated  with  individual  recombinant  TAA  or  control 
protein.  The  presence  of  antibody  bound  to  the  beads  was  detected  with  PE-labeled  anti-human  IgG  and 
the  fluorescence  quantified  using  a  Luminex  plate  reader.  Since  5  presumptive  control  elements  were 
included  in  the  panel,  absolute  MFI  values  without  background  subtraction  were  employed. 

Our  analytical  strategy  consisted  of  fitting  a  logistic  regression  model  for  cases  and  controls.  A  Bayesian 
ModelA/ariable  Selection  approach  using  a  Markov  Chain  Monte  Carlo  (Gelfand  and  Smith,  1990) 
computations  was  implemented  in  the  WinBugs  (Spiegelhalter  et  al.,  2003)  programming  environment.  A  full 
description  of  the  model  selection  and  details  of  our  Bayesian  Computations  using  Gibbs  Sampling  are 
provided  in  Appendix  3.  The  MCMC  variable  (here  the  13  markers  and  5  controls)  selection  approach  is  a 
stochastic  search  algorithm  that  effectively  visits  all  2^®=  216,144  different  models  obtained  from 
including/excluding  any  of  the  markers  or  controls  in  a  logistic  regression  for  the  probability  of  ovarian 
cancer.  For  numerical  stability,  we  transformed  the  measured  MFI  levels  of  the  markers  and  controls  to 
logarithmic  scale.  Cur  approach  adjusts  for  the  associations  amongst  the  13  markers,  and  effects  of  the  5 
controls.  Given  the  limited  number  of  cases  and  controls,  we  focused  on  an  additive  model  assuming  no 
interactions  among  the  markers,  controls,  and  between  markers  and  controls.  A  priori,  each  specific  marker 
or  control  is  assumed  to  be  equally  likely  to  be  included/excluded  (i.e.,  with  probability  of  0.5)  in  the  model. 
This  corresponds  to  an  equally  likely  prior  probability  of  1/2^®  for  each  possible  configuration  in  the  model 
space.  The  inclusion  probability  for  a  specific  marker  or  control  is  then  updated  by  their  posterior  probability 
using  all  the  available  information  about  the  other  markers  and  controls,  conditional  on  the  observed  ovarian 
cancer  status.  Although,  in  principle,  one  can  compute  the  posterior  probability  of  each  of  the  2^®  models 
using  the  Bayesian  analysis,  a  simpler  alternative  is  to  use  the  Bayes  factor  (BF)  (Carlin  and  Louis,  1996), 
defined  as  the  posterior  and  prior  odds  ratio,  to  select  relevant  markers  or  controls  for  future  analyses.  For  a 
specific  marker  or  control,  larger  values  of  BF  provide  evidence  in  favor  of  inclusion,  while  smaller  values 
support  exclusion  from  the  model.  Usually,  a  value  between  1  and  3  is  considered  weak,  between  3  and  10 
as  substantial,  between  10  and  100  as  strong,  and  greater  than  100  as  very  strong  (Kass  and  Raftery, 

1995). 
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By  using  BF>=3  as  a  selection  criterion,  we  picked  the  best  model  and  computed  multiple  sensitivity, 
specificity,  ROC  curve  and  AUC  by  varying  a  probability  cutoff  between  0.01  to  1.00  (Table  2,  Figure  4). 

The  AUC  was  calculated  as  0.86  (95%  confidence  interval  0.78-0.90)  for  this  best  fitting  model  (Table  2). 

We  also  compared  the  best  model  for  discrimination  of  cases  and  controls  with  detection  of  absolute  level  of 
CA125  or  p53-specific  antibody  or  both.  The  AUC  was  calculated  as  0.83  (95%  confidence  interval  0.81- 
0.83)  for  the  standard  CA125  assay  alone.  Detection  of  p53  antibody  alone  was  not  useful  for  discrimination 
of  cases  and  controls  in  this  serum  set  (AUC  of  0.52  with  95%  confidence  interval  0.20-0.58)  and 
combination  of  absolute  CA125  level  and  serum  reactivity  to  p53  provided  an  AUC  of  0.81  (95%  confidence 
interval  0.79-0.83). 

Table  2.  Modeling  of  serum  responses  to  the  18  element  panel  in  cases  and  controls.  Identification  of 
the  best  fitting  model  for  discrimination  between  sera  of  23  healthy  patients  as  controls,  versus  sera  from 
866  stage  lll/IV  ovarian  cancer  patients  as  cases  using  the  18  element  panel  either  without  CA125  (A)  or 
with  CA125  (B).  The  table  shows  the  posterior  estimates  (mean  and  standard  deviations)  of 
VY{dj  =  \\Data) ,  the  regression  coefficients  { 0^  =  djbj },  and  the  Bayes  Factors  for  13  markers  and  5 

controls  using  the  data  set  of  ULSM  cases,  and  MDACC  cases  and  controls.  The  regression  coefficients  6^ 
are  assumed  to  be  statistically  independent,  and  each  have  a  two-component  mixture  prior  distribution  with 
a  point  mass  at  zero  (when  dj  =  0)  with  probability  of  0.5,  and  a  normal  distribution  Af(0,ap  (when 
dj  =  1 )  with  probability  0.5. 

A  B 


Marker 

Pr(c?^.  =  l\Data) 

BF^ 

FLJ21522 

0.49  (0.50) 

NY-CO-8 

0.98  (0.15) 

-1.49  (0.62) 

49 

NY-CO-16 

0.45  (0.49) 

ABC7 

0.65  (0.48) 

aHsIgG 

0.42  (0.49) 

Calmodulin 

0.42  (0.49) 

HOXB7 

0.92  (0.27) 

1.42  (0.76) 

11.5 

Hsp70 

0.57  (0.49) 

Hsp90 

0.49  (0.50) 

HsIgG 

0.43  (0.49) 

No  Antigen 

0.60  (0.49) 

NY-ESO-1 

0.48  (0.50) 

p53 

0.96  (0.20) 

1.21  (0.58) 

24 

Ubiquilin-1 

0.61  (0.49) 

ZFP161 

0.28  (0.45) 

Vector 

0.40  (0.49) 

HOXA7 

0.42  (0.49) 

Hsp27 

0.42  (0.49) 

CA125 

Post.  Mean 
(Std  D.) 

95%  Cl  interval  for 

AUC 

AUC 

0.86  (0.03) 

0.78 

0.90 

Pr(c?^.  =  l\Data) 

0, 

BF^ 

0.37  (0.48) 

0.90  (0.31) 

-1.18  (0.67) 
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0.44  (0.50) 

0.53  (0.50) 

0.35  (0.48) 

0.42  (0.49) 

0.87  (0.33) 

1.17  (0.73) 

6.7 

0.33  (0.47) 

0.41  (0.49) 

0.36  (0.48) 

0.52  (0.50) 

0.41  (0.50) 

0.76  (0.43) 

0.73  (0.62) 

3.2 

0.52  (0.50) 

0.49  (0.50) 

0.41  (0.50) 

0.43  (0.49) 

0.37  (0.48) 

0.99  (0.07) 

0.90  (0.37) 

99 

Post.  Mean 
(Std  D.) 

95%  Cl  interval  for 

AUC 

0.89  (0.03) 

0.84 

0.92 

We  tested  whether  addition  of  absolute  serum  level  of  CA125  as  an  element  of  the  panel  conferred 
additional  predictive  value  upon  re-analysis  of  the  serum  set  (Table  6B).  The  posterior  distributions  of  the 
regression  parameters  are  displayed  in  Figure  3C  and  the  ROC  curve  is  given  in  Figure  3D.  Although  there 
is  improvement  in  terms  of  the  accuracy  of  the  fitted  model  (AUC  with  CA125  goes  slightly  up  from  0.86 
(95%  confidence  interval  0.78-0.90)  to  0.89  (95%  confidence  interval  0.84-0.92),  the  same  markers  NY-CO- 
8,  HOXB7,  and  p53  are  again  selected  as  most  informative  along  with  CA125.  Our  study  examines  the 
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applicability  of  multiplex  detection  of  autologous  antibody  to  TAAs  as  a  diagnostic  tool  for  cancer.  The 
detection  of  autologous  antibody  to  this  3  member  panel  of  TAAs,  in  addition  to  CA125,  shows  merit  as  an 
approach  for  ovarian  cancer  detection.  However,  much  larger  studies  are  required  to  assess  its  sensitivity  at 
the  high  specificity  required  for  screening  healthy  women.  In  particular  it  warrants  further  examination  in 
high-risk  populations  such  as  female  first-degree  relatives  of  ovarian  cancer  patients  or  women  carrying 
mutations  that  predispose  toward  cancer.  The  application  of  longitudinal  screening  may  also  significantly 
increase  the  positive  predictive  value  of  the  test  (McIntosh  and  Urban,  2003;  McIntosh  et  al.,  2002).  Sera 
collected  over  four  time  points  from  individual  patients  with  ovarian  (n=5)  or  breast  (n=5)  cancer  were 
analyzed  for  the  stability  of  TAA  reactivity.  The  reactivity  were  generally  stable  over  several  years  despite 
therapy  indicating  that  this  approach  is  not  useful  to  monitor  therapy  (not  shown). 

Our  modeling  of  TAA-specific  antibody  poorly  discriminates  those  patients  with  ovarian  cancer  from  patients 
with  cancer  of  other  organ  sites  (not  shown).  This  reflects  the  use  of  p53  as  a  diagnostic  marker  and  its 
importance  in  cancers  in  addition  to  ovarian  cancer  (Soussi,  2000).  However,  other  investigators  have  made 
progress  to  this  end  (Koziol  et  al.,  2003;  Zhang  et  al.,  2003).  Three  of  the  seven  TAAs  tested  proved  useful 
in  detecting  particular  cancer  types  (Koziol  et  al.,  2003;  Zhang  et  al.,  2003).  Over  2000  TAAs  have  been 
entered  into  the  SEREX  database  (http://www.licr.org/SEREX.html).  Several  other  approaches  have  also 
been  used  to  identify  candidate  TAAs  including  mass  spectrometric  analysis  of  immunopreciptiates  (Chinni 
et  al.,  1997)  and  screening  of  phage  display  libraries  (Fossa  et  al.,  2004;  Mintz  et  al.,  2003).  Inclusion  of 
other  TAAs  using  similar,  highly  multiplexed  approaches  (Scanlan  et  al.,  2002),  in  large  case/control  studies 
may  provide  better  discrimination  between  cancer  types. 

Pattern  recognition  analysis  of  proteomic  profiles  has  been  used  to  discriminate  sera  of  ovarian  cancer 
patients  from  those  of  healthy  women,  but  the  biological  underpinning  of  these  patterns  is  as  yet  unclear 
(Petricoin  et  al.,  2002).  By  contrast  the  significance  of  the  TAAs  p53  and  HOXB7  in  cancer  biology  has 
been  studied  extensively  for  ovarian  and  other  cancers  (Care  et  al.,  1998;  Care  et  al.,  1996;  Care  et  al., 
1999;  Naora  et  al.,  2001b;  Shih  le  and  Kurman,  2004).  A  partial  cDNA  sequence  NY-CO-8  was  initially 
identified  as  a  colon  cancer  antigen.  The  full  length  gene  was  recently  cloned  and  its  product,  CCCAP, 
shown  to  associate  with  centrosomes  (Kenedy  et  al.,  2003).  Subsequent  analysis  of  the  serologic  reactivity 
to  NY-CO-8  suggests  that  it  is  a  naturally  occurring  autoantigen  (Scanlan  et  al.,  2002).  The  presence  of  NY- 
CO-8-reactive  antibody  in  healthy  controls  may  account  for  its  negative  association  with  ovarian  cancer  in 
our  study.  The  possibility  of  a  protective  effect  warrants  further  investigation  as  described  recently  for  MUC1 
(Cramer  et  al.,  2005). 

Figure  4  (Next  Page).  A.  Posterior  distributions  of  {0^ }  in  the  variable  selection  algorithm  for  data  of  Table 
6A. 

B.  Posterior  estimate  of  ROC  curve  for  markers  NY-CO-8,  HOXB7  and  p53  with  95%  Credible  Interval  for 
cut  off  values  ranging  from  0.01  and  1.00  for  data  of  Table  6A.  C.  Posterior  distributions  of  {0^.}  for  all  18 

candidate  markers  plus  CA125  levels  (marked  as  [19]  above)  in  the  variable  selection  algorithm  for  data  of 
Table  6B.  D.  Posterior  estimate  of  ROC  curve  for  training  set  using  NY-CO-8,  HOXB7,  p53,  and  CA125  with 
95%  Credible  Interval  for  cut  off  values  ranging  from  0.01  and  1.00  for  data  of  Table  6B. 
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Figure  4  A 
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Objective  2:  Select  autologous  tumor  antigens  expressed  in  early  stage  serous  carcinoma  but 
absent  from,  or  a  low  level  in  normal  tissue. 

Task  2.1 .  Generate  rat  antiserum  to  SEREX  antigens  (months  27-29) 

Task  2.2.  Affinity  purify  and  validate  specificity  of  antibodies  (months  29-32). 

Task  2.3.  Examine  the  expression  pattern  of  each  SEREX  antigen  by  immunohistochemical  staining  in 
normal  ovary  and  a  spectrum  of  ovarian  tumors  (months  32-36) 

In  order  to  evaluate  GC-UNC-45  expression  in  ovarian  tumors  and  normal  tissue  we  generated  rabbit 
antisera  against  KLH  coupled  to  a  peptide  comprising  the  final  18  residues  of  human  GC-UNC-45.  Peptide 
binding  antibody  was  affinity  purified  on  a  peptide  column.  The  specificity  of  the  affinity  purified  peptide 
antibody  was  analysed  by  Western  blot  using  6His-Tagged  human  GC-UNC-45  purified  from  E.coli  (not 
shown)  and  293T  cells  transfected  with  pEGFP-C1-GC-UNC-45or  pEGFP-CI  (Figure  5c).  The  antibody 
specifically  recognized  recombinant  GC-UNC-45  with  either  the  6His  or  GFP  tags  (Figure  5c).  We  optimized 
conditions  for  detection  of  GC-UNC-45  in  paraffin-embedded  human  tissue  using  the  affinity  purified  peptide 
antibody.  Immunohistochemical  staining  suggested  a  cytoplasmic  localization  for  GC-UNC-45  (Figure  6), 
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consistent  with  our  in  vitro  studies  using  GFP-GC-UNC-45  (not  shown).  A  similar  immunohistochemical 
staining  pattern  was  observed  using  the  rabbit  antiserum  to  full  length  GC-UNC-45  (not  shown). 


In  order  to  assess  whether  GC-UNC-45  is  differentially  expressed  in  ovarian  serous  carcinoma,  we 
performed  immunohistochemical  staining  of  tissue  microarrays  using  GC-UNC-45-specific  antibody  for  low 
grade  (14  cases)  and  high  grade  (32  cases)  serous  carcinoma.  Staining  was  scored  blind  as  absent=0, 
weak=1,  intermediate=2,  and  intense=3.  Using  this  scoring  system  we  observed  that  high  grade  serous 
carcinomas  stained  more  intensely  than  low  grade  serous  carcinoma  (p=0.027,  Figure  6e).  Conversely, 
staining  of  normal  ovarian  surface  epithelium  (12  cases)  and  benign  serous  cystadenoma  (n=4)  were  not 
significantly  different  from  each  other  (p=0.29.  Figure  6e)  or  from  low  grade  serous  carcinoma  (p=0.48  and 
p=0.21  respectively).  In  contrast,  staining  of  normal  ovarian  surface  epithelium  (12  cases)  and  benign 
serous  cystadenoma  (n=4)  was  significantly  weaker  than  for  high  grade  serous  carcinoma  (32  cases, 
p=0.0028  and  p=0.0065  respectively.  Figure  6e).  The  GC-UNC-45  antibody  staining  of  low  stage  (stages  1- 
2)  serous  carcinoma  (18  cases)  was  also  significantly  weaker  than  for  high  stage  (stages  3-4)  serous 
carcinoma  (32  cases,  P=0.0021,  Figure  6f). 


Figure  5.  Specificity  of  GC-UNC-45  antisera.  Rabbits 
were  inoculated  with  either  full  length  6His-tagged 
human  GC-UNC-45  or  KLH-coupled  peptide 
HTSAASPAVSLLSGLPLQ  of  human  GC-UNC-45. 
Western  blot  analysis  using  antiserum  to  full  length 
human  GC-UNC-45  (a),  rabbit  antiserum  to  GFP  (b)  or 
rabbit  serum  against  GC-UNC-45  peptide  (c).  Reactivity 
has  been  tested  against  6His-tagged  human  GC-UNC- 
45  purified  from  E.  coli  and  293T  cells  transfected  with 
pEGFP-C1-GC-UNC-45or  pEGFP-CI  vector  alone. 


Our  recent  analyses  by  microarray  suggested  that  the  proteasome  components  are  co-ordinately 
upregulated  in  ovarian  cancer.  The  ubiquitin-proteasome  system  (UPS)  mediates  targeted  protein 
degradation.  Notably,  the  UPS  determines  levels  of  key  checkpoint  proteins  controlling  apoptosis  and 
proliferation  by  controlling  protein  half-life.  We  find  that  ovarian  carcinoma  manifests  an  overstressed  UPS 
by  comparison  to  normal  tissues  by  accumulation  of  ubiquitinated  proteins  despite  elevated  proteasome 
levels.  Elevated  levels  of  total  ubiquitinated  proteins  and  19S  and  20S  proteasome  subunits  are  evident  in 
both  low  grade  and  high  grade  ovarian  carcinoma  tissue  relative  to  benign  ovarian  tumors  and  in  ovarian 
carcinoma  cell  lines  relative  to  immortalized  surface  epithelium  (Figure  7).  We  find  that  ovarian  carcinoma 
cell  lines  exhibit  greater  sensitivity  to  apoptosis  in  response  to  proteasome  inhibitors  than  immortalized 
ovarian  surface  epithelial  cells.  This  sensitivity  correlates  with  increased  cellular  proliferation  rate  and  UPS 
stress  rather  than  absolute  proteasome  levels.  Proteasomal  inhibition  in  vitro  induces  cell  cycle  arrest  and 
the  accumulation  of  p21  and  p27,  and  triggers  apoptosis  via  activation  of  caspase-3.  Furthermore, 
treatment  with  the  licensed  proteasomal  inhibitor  PS-341  slows  the  growth  of  ES-2  ovarian  carcinoma 
xenograft  in  immunodeficient  mice.  In  sum,  elevated  proliferation  and  metabolic  rate  resulting  from 
malignant  transformation  of  the  epithelium  stresses  the  UPS  and  renders  ovarian  carcinoma  more  sensitive 
to  apoptosis  in  response  to  proteasome  inhibition.  Furthermore,  we  hypothesize  that  the  accumulation  of 
malfolded  and  ubiquitinated  protein  in  cancers  cells  as  a  result  of  UPS  may  contribute  to  the  development  of 
autoantibodies  in  ovarian  cancer  patients.  These  data  are  published  in  Bazzaro  et  al,  2006  (appendix). 
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Figure  6.  GC-UNC-45  expression  in  normal 
tissue  and  ovarian  tumors  by  grade  and 
stage. Representative  histological  sections 
showing  immunohistochemical  staining  for 
GC-UNC-45  and  hematoxylin  counterstaining 
of  a.  Normal  ovarian  surface  epithelium 
(160X),  b.  benign  serous  cystadenoma 
(160X),  c.  Low  grade  ovarian  carcinoma 
(160X),  and  d.  High  grade  ovarian  carcinoma 
(100X)  specimens  on  an  ovarian  tissue 
microarray,  e.  Immunohistochemical  staining 
intensity  for  GC-UNC-45  in  normal  ovarian 
surface  epithelium  (12  cases),  benign  serous 
cystadenoma  (4  cases),  low  grade  (14  cases) 
and  high  grade  (32  cases)  serous  carcinoma 
specimens  was  scored.  GC-UNC-45  staining 
is  not  statistically  different  in  normal  or  cystic 
epithelium  or  low  grade  ovarian  carcinoma. 
However  GC-UNC-45  staining  is  significantly 
elevated  in  high  grade  ovarian  cancer 
(p=0.0002)  versus  low  grade  versus  high 
grade  ovarian  cancer  (p=0.0275).  f. 
Immunohistochemical  staining  intensity  for 
GC-UNC-45  in  early  (18  cases)  and 
advanced  stage  (32  cases)  serous  carcinoma 
specimens  was  scored.  GC-UNC-45  staining 
was  significantly  higher  in  advanced  stage  (3- 
4)  versus  early  stage  (1-2)  ovarian 
carcinoma. 
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Fig,7  In  vivo  and  in  vitro  proteasome  over-expression  in  ovarian  carcinoma,  a,  Immunohistochemical 
staining  of  a-4  subunits  of  20S  proteasome  in  ovarian  tumors.  Shown  are  representative  examples  of  intense 
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20S  staining  in  serous  high-grade  (40X)  and  low-grade  (40X)  ovarian  eareinomas  and  weaker  staining  in 
serous  adeno fibroma  (lOOX).  b.  Staining  intensity  for  eaeh  ease  was  graded  as  0=  no  staining,  1=  weak 
staining,  2=  moderate  staining,  3=  intense  staining.  Statistieal  signifieanee  in  staining  intensities  among 
indieated  groups  was  assessed  by  the  Mann- Whitney  U  test  (**=p<0.02).  c.  Tissue  lysates  were 
immunoblotted  with  an  antibody  reeognizing  subunits  of  the  19S  or  the  20S  proteasome.  The  ratio  between 
26S  proteasome  (a-3  and  Rpt4  sub-unit)  and  P-aetin  in  tissue  lysates  from  serous  eystadenoma  (10  oases), 
low-grade  serous  ovarian  oaroinoma  (8  cases)  or  high-grade  serous  ovarian  carcinoma  (10  cases)  is  presented 
(**=p<0.02).  d.  Ratio  between  26S  proteasome  (P-4  and  Rpt4  sub-unit)  and  P-actin  in  cell  lysates  of  lOSEs 
(IOSE-29,  IOSE-397,  IOSE-4p2,  IOSE-2Ap2)  and  ovarian  cancer  cell  lines  (ES-2,  SKOV-3,  MOSEC, 
OVCAR-3). 

Key  Research  Accomplishments 

•  Developed  a  new,  complementary  approach  for  the  identification  of  tumor-associated  antigens 

•  Identification  of  2  new  tumor  associated  antigens  for  serous  carcinoma  using  the  new  methodology 

•  Expression  analysis  for  SMAP-1  transcripts  in  normal  tissue  and  ovarian  tumors 

•  Finding  of  over-expression  and  mislocalization  of  the  SEREX  antigen  HOXB7  in  serous  carcinoma 

•  An  autoantibody  model.  The  best  model  generated  an  AUC  of  0.86  (95%  Cl:  0.78-0.90)  for 
discrimination  between  sera  of  EOC  patients  and  healthy  patients  using  antibody  specific  to  p53, 
NY-CO-8  and  HOXB7. 

•  Demonstration  of  proteasome  overexpression  in  ovarian  cancer 

•  Proteasomes  shown  to  be  promising  drug  target  in  ovarian  cancer 


Reportable  Outcomes 

•  Cell  line  derived  from  a  micropapillary  serous  carcinoma 

•  Antisera  to  HOXB7  and  SMAP-1 /GC-UNC-45 

•  Five  manuscripts 

Conclusions 

We  have  made  significant  progress  in  the  period  of  grant  funding  (and  our  no-cost  extension),  and  have 
performed  all  of  the  tasks  in  our  Statement  of  Work.  We  have  developed  a  methodology  for  the 
identification  of  ovarian  cancer-associated  antigens  that  is  complementary  to  SEREX.  While  we  are 
generating  the  cDNA  expression  library  for  SEREX  screening,  we  have  used  this  alternate 
immunoprecipitation  and  mass  spectrometry-based  approach  to  identify  two  new  ovarian  cancer  associated 
antigens.  Almost  nothing  is  known  about  the  function  of  either  antigen.  For  one  of  these  new  antigens, 
SMAP-1,  we  have  performed  a  survey  of  transcript  expression  and  have  developed  a  specific  antibody 
reagent.  Furthermore,  we  have  built  upon  our  previous  work  in  which  HOXB7  was  identified  by  SEREX  as 
an  ovarian  cancer  antigen.  We  have  demonstrated  over  expression  of  the  HOXB7  protein  in  ovarian 
cancer,  as  compared  to  normal  surface  epithelium.  This  immunohistochemical  data  supports  our  previous 
analysis  of  HOXB7  transcript  expression.  We  also  observed  a  mislocalization  of  HOXB7  in  ovarian  cancer. 
The  significance  of  this  exciting  finding  is  under  investigation.  We  tested  multiplex  detection  of  antibodies  to 
candidate  ovarian  TAAs  and  statistical  modeling  for  discrimination  of  sera  of  EOC  patients  and  controls. 
Binding  of  serum  antibody  of  women  with  EOC  or  healthy  controls  to  candidate  TAA-coated  microspheres 
was  assayed  in  parallel.  A  Bayesian  model/variable  selection  approach  using  Markov  Chain  Monte  Carlo 
computations  was  applied  to  these  data,  and  serum  CA125  values  to  determine  the  best  predictive  model. 
The  selected  model  was  subjected  to  area  under  the  receiver-operator  curve  (AUC)  analysis.  The  best 
model  generated  an  AUC  of  0.86  (95%  Cl:  0.78-0.90)  for  discrimination  between  sera  of  ECC  patients  and 
healthy  patients  using  antibody  specific  to  p53,  NY-CC-8  and  HCXB7.  Inclusion  of  CA125  in  the  model 
provided  an  AUC  of  0.89  (95%  Cl:  0.84-0.92),  as  compared  to  an  AUC  of  0.83  (95%  Cl:  0.81-0.85)  using 
CA125  alone.  However,  using  TAA  responses  alone,  the  model  discriminated  between  independent  sera  of 
women  with  non-malignant  gynecologic  conditions  and  those  with  early  advanced  or  early  stage  ECC  with 
AUCs  of  0.71  (95%  Cl:  0.67,  0.76)  and  0.70  (95%  Cl:  0.48-0.75)  respectively.  We  conclude  that  serum 
antibody  to  p53  and  HCXB7  is  positively  associated  with  ECC,  whereas  NY-CC-8-specific  antibody  shows 
negative  association.  Bayesian  modeling  of  these  TAA-specific  serum  antibody  responses  exhibits  similar 
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discrimination  of  patients  with  early  and  advanced  EOC  from  women  with  non-malignant  gynecologic 
conditions,  and  may  be  complementary  to  CA125. 
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Abstract 

Biomarkers  for  early  detection  of  epithelial  ovarian  cancer 
(EOC)  are  urgently  needed.  Patients  can  generate  antibodies 
to  tumor-associated  antigens  (TAAs).  We  tested  multiplex 
detection  of  antibodies  to  candidate  ovarian  TAAs  and 
statistical  modeling  for  discrimination  of  sera  of  EOC 
patients  and  controls.  Binding  of  serum  antibody  of  women 
with  EOC  or  healthy  controls  to  candidate  TAA-coated 
microspheres  was  assayed  in  parallel.  A  Bayesian  model/ 
variable  selection  approach  using  Markov  Chain  Monte  Carlo 
computations  was  applied  to  these  data,  and  serum  CA125 
values,  to  determine  the  best  predictive  model.  The  selected 
model  was  subjected  to  area  under  the  receiver-operator 
curve  (AUC)  analysis.  The  best  model  generated  an  AUC  of 
0.86  [95%  confidence  interval  (95%  Cl),  0.78-0.90]  for 
discrimination  between  sera  of  EOC  patients  and  healthy 
patients  using  antibody  specilic  to  p53,  NY-CO-8,  and  HOXB7. 
Inclusion  of  CA125  in  the  model  provided  an  AUC  of  0.89 
(95%  Cl,  0.84-0.92)  compared  with  an  AUC  of  0.83  (95%  Cl, 
0.81-0.85)  using  CA125  alone.  However,  using  TAA  responses 
alone,  the  model  discriminated  between  independent  sera 
of  women  with  nonmalignant  gynecologic  conditions  and 
those  with  advanced-stage  or  early-stage  EOC  with  AUCs  of 
0.71  (95%  Cl,  0.67-0.76)  and  0.70  (95%  Cl,  0.48-0.75), 
respectively.  Serum  antibody  to  p53  and  HOXB7  is  positively 
associated  with  EOC,  whereas  NY-CO-8-specific  antibody 
shows  negative  association.  Bayesian  modeling  of  these 
TAA-specilic  serum  antibody  responses  exhibits  similar 
discrimination  of  patients  with  early-stage  and  advanced- 
stage  EOC  from  women  with  nonmalignant  gynecologic 
conditions  and  may  be  complementary  to  CA125.  (Cancer 
Res  2006;  66(3);  1792-8) 
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Introduction 

Conventional  treatment  has  limited  efficacy  against  advanced- 
stage  epithelial  ovarian  cancer  (EOC),  whereas  >80%  patients 
with  early-stage  disease  survive  5  years  after  diagnosis.  However, 
because  there  is  no  diagnostic  tool  for  reliable  screening  and 
detection  of  premalignant  or  localized  ovarian  cancer,  70%  of 
patients  with  ovarian  cancer  have  advanced  disease  on  initial 
diagnosis  (1). 

Measurement  of  serum  CA125  levels  was  approved  as  a 
prognostic  indicator  to  monitor  disease  recurrence  (2).  Normal 
healthy  donors  ( ~  1%)  have  serum  CA125  levels  greater  than 
35  units/mL.  Elevated  levels  of  CA125  are  detected  in  >90%  of  sera 
of  disseminated  ovarian  cancer  cases  (stages  II-IV)  but  in  only 
50%  of  patients  with  stage  I  disease  (2).  Thus,  the  CA125  assay  is 
inappropriate  as  a  “stand-alone”  population  screen  for  early-stage 
ovarian  cancer,  although  its  positive  predictive  value  can  be 
improved  by  combination  with  other  screening  tools  (e.g.,  serial 
measurements,  transvaginal  sonography,  or  combinations  with 
other  markers  and  statistical  modeling). 

The  immune  system  constantly  surveys  the  body  for  “nonself” 
antigens  and  generates  a  response  in  the  appropriate  context. 
Significantly,  cancer  patients  often  mount  a  humoral  response  to 
autologous  tumor-associated  antigens  (TAAs;  ref.  3).  Autologous 
antibodies  have  been  documented  in  patients  afflicted  with  a 
variety  of  different  cancers,  including  those  of  the  breast,  head  and 
neck,  colon,  lung,  kidney,  and  melanoma  (4-6).  Ovarian  tumor- 
reactive  antibodies  have  been  detected  in  patient  serum  and 
ascites  (7)  and  their  antigens  are  identified  by  mass  spectrometry 
of  immunoprecipitates  (8)  or  by  SEREX  (refs.  9-11;  e.g.,  ubiquilin-1, 
ZFP161,  FLJ21522,  ABC7,  HOXA7,  and  HOXB7).  Antibodies  to  many 
TAAs  are  present  in  several  cancer  types  (e.g.,  p53  and  NY-ESO-1; 
ref.  12). 

Several  studies  indicate  that  autologous  antibodies  specific  for 
TAAs  are  prevalent  in  cancer  patients  but  are  absent  from  or 
infrequent  in  healthy  volunteers.  This  suggests  that  autologous 
antibodies  specific  to  relevant  TAAs  may  have  potential  as  serum 
biomarkers  (13).  Therefore,  we  sought  from  the  literature  TAAs 
associated  with  ovarian  cancer  and  colon  cancer,  because  the  latter 
often  resembles  mucinous  carcinomas  of  the  ovary.  Perhaps  the 
autoantigen  best  studied  in  ovarian  cancer  patients  is  p53  (14). 
In  stage  I/II  ovarian  disease,  22%  of  patients  had  p53  antibody, 
31%  in  stage  III,  and  50%  in  stage  IV  (15).  Although  there  was  no 
association  of  p53  antibody  with  clinical  stage,  tumor  histologic 
type,  or  overall  patient  survival  (16,  17),  detection  of  autologous 
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antibody  to  some  ovarian  cancer  antigens  seems  to  have 
prognostic  significance  (18).  Notably,  detection  of  serum  antibody 
to  p53  has  been  shown  to  predict  subsequent  development  of 
cancer  (19). 

The  relevance  to  carcinogenesis  of  most  TAAs  is  unclear,  with 
the  exception  of  known  cell  cycle  regulators,  such  as  p53,  ras, 
c-myc,  c-myb,  and  HER-2/neu  (20).  The  ovarian  TAA  HOXB7  is 
overexpressed  in  ovarian  and  several  other  cancers  and  is 
associated  with  enhancement  of  fibroblast  growth  factor 
production  and  angiogenesis  (9,  21).  The  mechanisms  that 
trigger  antibody  responses  to  these  autologous  TAAs  are  not 
known.  Although  p53  is  frequently  mutated  in  cancer,  many  of 
these  TAAs  are  not.  Many  TAAs  are  overexpressed  in  the  cancer 
relative  to  normal  tissue  or  not  normally  expressed  in  the  tissue, 
such  as  the  cancer/testis  family  (22).  One  study  noted  that  many 
ovarian  TAAs  are  encoded  on  chromosome  arm  17q  (e.g.,  HER-2/ 
neu  and  HOXB7;  ref.  11).  Autoantibody  to  heat  shock  proteins 
(Hsp),  notably  Hsp27  and  Hsp90  (23-25),  has  also  been 
associated  with  ovarian  cancer,  and  this  may  reflect  the  ability 
of  certain  Hsps,  such  as  Hsp70,  to  bind  and  activate  dendritic 
cells  (26). 

Although  many  other  TAAs  have  been  identified,^  the  per¬ 
centage  of  ovarian  cancer  patients  with  reactivity  to  individual 
TAAs  is  generally  low.  We  hypothesized  that  detection  of 
antibodies  to  a  panel  of  known  TAAs  could  discriminate  sera 
from  ovarian  cancer  patients  and  healthy  women  and  potentially 
improve  on  the  performance  of  the  CA125  assay.  However,  a 
statistically  rigorous  approach  to  marker  selection  is  required 
to  develop  such  a  clinically  applicable  diagnostic  test  by  avoiding 
problems  arising  from  high  correlations  among  potential  markers. 
Herein,  we  describe  the  application  of  multiplex  detection  of 
autologous  antibodies  to  a  panel  of  previously  described  ovarian 
TAAs  and  the  Bayesian  model/variable  selection  approach  using 
Markov  Chain  Monte  Carlo  (MCMC)  computations  to  determine 
the  relevant  TAA  biomarkers  and  the  most  predictive  model. 
MCMC  variable  selection  is  a  model-based  approach  with  a 
specified  statistical  model  that  puts  no  distributional  restriction 
on  the  predictors  (markers).  Our  model-based  approach  provides 
probabilistic  assessments  of  uncertainty  through  Bayesian  learn¬ 
ing.  A  unique  feature  of  the  Bayesian  approach  is  the  easy 
incorporation  of  previously  described  markers  in  a  natural  way 
into  existing  models,  which  cannot  be  achieved  by  ad  hoc  proce¬ 
dures,  such  as  recursive  partitioning  (27-29).  Our  application  of 
multiplex  detection  of  autologous  antibodies  to  ovarian  TAA  and 
Bayesian  model  selection  for  detection  of  EOC  complements  the 
CA125  test  and  implicates  p53,  HOXB7,  and  NY-CO-8  in  the 
biology  of  EOC. 

Materials  and  Methods 

Samples.  Sera  were  collected  as  part  of  informed  consent  protocols 
approved  by  the  local  institutional  review  boards,  and  the  study  was 
approved  by  the  Johns  Hopkins  University  Institutional  Review  Board. 
Blood  samples  were  allowed  to  clot  at  room  temperature  and  then 
centrifuged  at  400  x  ^  to  remove  clot  and  cells.  Clarified  sera  were  stored 
at  — 70°C.  A  learning  set  of  59  sera  and  a  validation  set  of  37  sera  were 
obtained  at  the  University  of  Louisville  School  of  Medicine  (ULSM; 
Louisville,  KY)  from  women  with  stage  III/IV  ovarian  cancer  and  32  sera 
from  women  attending  a  gynecology  clinic  for  conditions  other  than 


^  http://www.licr.org/SEREX.html. 


ovarian  cancer  as  controls.  Sera  were  also  obtained  at  the  University  of 
Texas  M.  D.  Anderson  Cancer  Center  (MDACC;  Houston,  TX).  This  set  was 
obtained  from  women  with  breast  cancer  (n  =  18),  colon  cancer  {n  =  6), 
lung  cancer  {n  =  10),  and  stage  III/IV  ovarian  cancer  {n  =  27)  and  from 
healthy  women  {n  =  23).  Finally,  a  set  of  sera  of  women  with  early-stage 
ovarian  cancer  [n  =  14)  was  provided  by  the  Gynecologic  Oncology  Group 
(GOG;  Bethesda,  MD). 

Preparation  of  recombinant  TAA.  TAAs  were  cloned  from  PCR 
products  into  the  prokaryotic  expression  vector  pBADglll  (Invitrogen, 
Carlsbad,  CA).  ABC7  (AF133659),  HOXA7  {AF032095;  ref.  10),  HOXB7 
(NM_004502;  ref.  9),  NY-ESO-1  (U87459;  ref.  30),  ubiquilin-1  (NM_013438), 
ZFP161  (Y12726),  FLJ21522  (AK025175;  ref.  11),  calmodulin  (Invitrogen),  and 
p53  (X02469;  ref  14)  were  amplified  from  published  constructs,  whereas 
NY-CO-8  (AF039690)  and  NY-CO-16  (AF039694;  ref  6)  were  amplified 
directly  from  commercial  cDNA  libraries.  Constructs  were  validated  using 
Automated  Laser  Fluorescent  Sequencing.  Bacterial  cultures  were  grown 
in  Terrific  broth  supplemented  with  1%  (v/v)  glycerol  and  100  pg/mL 
ampicillin  at  37  °C  to  mid-log  phase  (A  550,  0.6-0.7)  and  induced  with  0.02% 
(w/v)  L-(+)-arabinose  for  2  to  3  hours.  Induction  was  done  at  30  °C  with 
0.002%  (w/v)  L-(+)-arabinose  for  HOXA7  and  HOXB7.  Cell  pellets  from  1  L 
cultures  were  solubilized  by  sonication  in  20  mL  of  8  mol/L  urea,  3.7  mL  of 
10%  (w/v)  sodium  A-lauroyl-sarcosinate  and  brought  to  50  mL  with 
20  mmol/L  Tris-HCl  (pH  8.0)/0.2  mol/L  NaCl/10%  (v/v)  glycerol  and  0.1% 
(w/v)  sodium  A-lauroyl-sarcosinate.  After  centrifugation  at  12,000  x  g  for 
30  minutes  at  4°C,  the  supernatant  was  loaded  onto  a  Ni-NTA  Superflow 
(Qiagen,  Valencia,  CA)  column.  The  column  was  washed  with  a  step 
gradient  of  10,  20,  50,  100,  and  0.5  mol/L  imidazole  in  20  mmol/L  Tris-HCl 
(pH  8.0)/0.2  mol/L  NaCl/10%  (v/v)  glycerol  and  0.1%  (v/v)  Triton  X-100.  The 
purity  and  size  of  the  purified  proteins  was  determined  by  staining  SDS- 
PAGE  gels  for  total  protein  (Sypro  Ruby)  and  performing  Western  blotting 
on  duplicate  gels  for  Hise-labeled  antigen  using  horseradish  peroxidase- 
labeled  anti-HiSg  and  chemiluminescent  substrate. 

Coupling  to  microspheres  and  Luminex  analysis.  Monoclonal 
antibody  to  Hise  was  coupled  to  11  distinct  sets  of  LabMAP  carboxylated 
microspheres  (following  the  manufacturer’s  protocol), which  were  then 
individually  bound  overnight  at  4°C  with  30  pg  each  purified  Hise-tagged 
recombinant  TAA.  Similarly,  a  further  six  distinct  sets  of  LabMAP 
carboxylated  microspheres  were  directly  coupled  to  25  pg  purified 
Hsp27,  Hsp70,  and  Hsp90  (Stressgen,  Victoria,  British  Columbia,  Canada; 
refs.  25,  31,  32)  or,  as  controls,  25  pg  glutathione  S-transferase  (GST)  or 
pBAD  vector  alone,  5  pg/mL  anti-human  IgG  (Sigma  Chemical  Co.,  St. 
Louis,  MO),  or  50  pg/mL  human  IgG.  Equivalent  counts  of  each  set  of 
protein-coupled  microspheres  were  mixed  to  a  concentration  of  5,000  per 
set  per  50  pL/weU  in  PBS  containing  10%  normal  mouse  serum  (The 
Jackson  Laboratory,  West  Grove,  PA).  The  beads  were  shaken  with  50  pL 
patient  serum  diluted  1:25  in  a  96-weIl  filter-bottomed  microtiter  plate  for 
1  hour  in  the  dark  at  ambient  temperature.  The  beads  were  washed  thrice 
with  100  pL  buffer  by  filtration  and  then  shaken  in  100  pL/well 
R-phycoerythrin  (PE)-conjugated  donkey  anti-human  IgG  diluted  1:200 
in  PBS/bovine  serum  albumin  [BSA;  10  g/L  BSA,  1.4  g/L  NaH2P04  H20, 
8.77  g/L  NaCl,  0.5  g/L  NaN3  (pH  7.4)]  for  45  minutes  in  the  dark.  After 
three  washes,  the  beads  were  resuspended  in  100  pL/weU  PBS/BSA  and 
their  mean  fluorescence  intensity  (MFl)  was  assayed  on  a  Luminex  100 
plate  reader.  The  MFI  of  100  of  each  set  of  microspheres  was  determined 
for  each  weU.  A  small  panel  of  10  patient  sera  was  run  on  all  assay  plates 
to  allow  an  assessment  of  interassay  variability  and  bead  variability  or 
stability.  Several  presumptive  positive  and  negative  control  antigens  were 
included  within  the  bead  set,  including  human  IgG  (HsIgG  to  monitor  the 
addition  of  PE-conjugated  secondary  antibody),  anti-human  IgG  (aHsIgG 
to  show  addition  of  the  human  sera  to  each  well),  calmodulin 
(a  presumptive  irrelevant  autoantigen  associated  with  viral  hepatitis), 
or  vector  alone  (controlling  for  bacterial  contaminants  in  the 
antigen  preparations)  and  uncoated  beads  (for  assessment  of  nonspecific 
binding). 


http;//www.luminexcorp.com. 
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Figure  1.  MFI  of  the  beads  coated  with  individual  markers  {mean  ±  SD)  in 
normal  volunteers  {black  columns)  and  ovarian  cancer  patients  {gray  columns). 
Antigen  codes:  1,  FLJ21522:  2,  NY-CO-8:  3,  NY-CO-16;  4,  ABC7:  5,  aHsIgG; 
6,  calmodulin:  7,  HOXB7;  8,  HSP70:  9,  HSP90;  10,  HsIgG;  11,  no  antigen; 

12,  NY-ESO-I;  13,  p53;  14,  ubiquilin-1;  15,  GST;  16,  ZFP161;  17,  HOXA7; 

18,  HSP27. 


Statistical  analyses.  A  Bayesian  logistic  regression  model/variable 
selection  approach  using  MCMC  (33)  computations  was  implemented  in 
the  WinBUGS  (34)  programming  environment.  A  full  description  of  the 
model  selection  and  details  of  our  Bayesian  computations  using  Gibbs 
sampling  are  provided  in  the  Supplementary  Materials. 

The  motivation  behind  the  variable  selection  approach  was  the  fact  that 
all  the  markers  and  controls  were  highly  correlated  (data  not  shovm),  which 
is  known  as  multicollinearity  and  likely  reflects  background  effects  of  using 
serum  at  high  concentration.  Thus,  simultaneous  use  of  all  the  markers  and 
controls  in  a  statistical  model  will  obscure  the  statistical  significance 
of  the  core  variables  that  are  functions  of  the  others.  Consequently,  the 
information  contained  in  all  the  variables  is  already  represented  in  the  core 
variables,  and  a  dimension/variable  selection  technique  can  be  use  to 
identify  them.  In  preliminary  analyses  (data  not  shown),  we  ran  a  logistic 
regression  model  that  contained  all  the  13  TAAs  and  5  controls  and  found 
out  that  none  of  the  markers  and  controls  were  significant,  which  resulted 
in  poor  discrimination  of  EOC. 

The  MCMC  variable  selection  approach  is  a  stochastic  search 
algorithm  that  effectively  visits  all  2^®  =  216,144  different  models 
obtained  from  including/excluding  any  of  the  18  TAAs  or  controls  in  a 
logistic  regression  for  the  probability  of  ovarian  cancer.  The  outcome  of 
this  procedure  is  the  model  with  the  highest  number  of  visits  (the  most 
probable  model)  supported  by  the  data.  For  numerical  stability,  we 
transformed  the  measured  MFI  levels  of  the  markers  and  controls  to 
logarithmic  scale.  Our  approach  adjusts  for  the  associations  among  the 
13  markers  and  the  effects  of  the  5  controls.  Given  the  limited  number 
of  cases  and  controls,  we  focused  on  an  additive  model  assuming  no 
interactions  among  the  markers,  controls,  and  between  markers  and 
controls.  A  priori,  each  specific  marker  or  control  is  assumed  to  be 
equally  likely  to  be  included/excluded  (i.e.,  with  probability  of  0.5)  in  the 
model.  This  corresponds  to  an  equally  likely  prior  probability  of  1/2^®  for 
each  possible  configuration  in  the  model  space.  The  inclusion  probability 
for  a  specific  marker  or  control  is  then  updated  by  their  posterior 
probability  using  all  the  available  information  about  the  other  markers 
and  controls,  conditional  on  the  observed  ovarian  cancer  status. 
Although,  in  principle,  one  can  compute  the  posterior  probability  of 
each  of  the  2^*  models  using  the  Bayesian  analysis,  a  simpler  alternative 
is  to  use  the  Bayes  factor  (BF;  ref.  35),  defined  as  the  posterior  and  prior 
odds  ratio,  to  select  relevant  markers  or  controls  for  future  analyses. 
For  a  specific  marker  or  control,  larger  values  of  BF  provide  evidence  in 
favor  of  inclusion,  whereas  smaller  values  support  exclusion  from  the 
model.  Usually,  a  value  between  1  and  3  is  considered  weak,  between  3 
and  10  as  substantial,  between  10  and  100  as  strong,  and  >100  as  very 
strong  (36). 


Results 

To  explore  the  utility  of  autologous  serum  antibody  specific  to 
particular  TAAs  as  an  additional  tool  for  discrimination  of  sera 
from  cancer  patients  and  healthy  women,  we  generated  recombi¬ 
nant  protein  from  13  markers  identified  previously  as  candidate 
TAAs  and  selected  5  presumptive  control  reagents.  Sera  from  both 
healthy  women  and  EOC  patients  were  tested  in  parallel  for 
reactivity  to  all  18  panel  elements.  Initially,  we  tested  sera  of  23 
healthy  women  from  MDACC  as  controls  and  sera  from  59  stage 
III/IV  ovarian  cancer  patients  obtained  at  ULSM  and  27  from 
MDACC  as  cases,  respectively.  This  set  of  sera  was  analyzed  for 
reactivity  to  microspheres  of  discrete  sizes  coated  with  individual 
recombinant  TAA  or  control  protein.  The  presence  of  antibody 
bound  to  the  beads  was  detected  with  PE-labeled  anti-human  IgG 
and  the  fluorescence  was  quantified  using  a  Luminex  plate  reader. 
Because  5  presumptive  control  elements  were  included  in  the 
panel,  absolute  MFI  values  without  background  subtraction  were 
employed  (Fig.  1). 

Our  analytic  strategy  consisted  of  fitting  the  logistic  regression 
model  in  Eq.  1  (see  Supplementary  Materials)  for  ULSM  and 
MDACC  cases  and  controls.  By  using  BF  >  3  as  a  selection 


Table  1.  Modeling  of  serum  responses  to  the  18-element 
panel  in  cases  and  controls 

Marker 

Pr{dj  =  1  Dafa) 

Oy  BFj 

FLJ21522 

0.49  (0.50) 

NY-CO-8 

0.98  (0.15) 

-1.49  (0.62)  49 

NY-CO-16 

0.45  (0.49) 

ABC7 

0.65  (0.48) 

aHsIgG 

0.42  (0.49) 

Calmodulin 

0.42  (0.49) 

HOXB7 

0.92  (0.27) 

1.42  (0.76)  11.5 

Hsp70 

0.57  (0.49) 

Hsp90 

0.49  (0.50) 

HsIgG 

0.43  (0.49) 

No  antigen 

0.60  (0.49) 

NY-ESO-l 

0.48  (0.50) 

p53 

0.96  (0.20) 

1.21  (0.58)  24 

Ubiquilin-1 

0.61  (0.49) 

ZFP161 

0.28  (0.45) 

Vector 

0.40  (0.49) 

HOXA7 

0.42  (0.49) 

Hsp27 

0.42  (0.49) 

Post,  mean  (SD) 

95%  Cl  for  AUC 

AUC 

0.86  (0.03) 

0.78  0.90 

NOTE:  Identification  of  the  best-fitting 

model  for  discrimination 

between  sera  of  23  healthy  patients  from  MDACC  as  controls  and  sera 

from  59  stage  III/IV  ovarian  cancer  patients  obtained  at  ULSM  and  27 

from  MDACC  as  cases  using  the  18-element  panel.  Data  are  posterior 

estimates  (mean  and  SD)  of  Pr(c^  =  l\Data)  for  all  the  variables,  the 

regression  coefficients  {0y  =  djhj},  and  BFs  for  the  best  markers  and 

controls  (selected  by  the  Bayesian  approach)  using  the  data  set  of 

ULSM  and  MDACC  cases  and  controls.  The  regression  coefficients  9^ 

are  assumed  to  be  statistically  independent,  and  each  have  a  two- 

component  mixture  prior  distribution  with  a  point  mass  at  0  (when 

dj  =  0)  with  probability  of  0.5  and  a  normal  distribution  N{Q,  o^) 

(when  dj  =  1)  with  probability  0. 
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(AUC,  0.52;  95%  Cl,  0.20-0.58)  and  combination  of  absolute  CA125 
level  and  serum  reactivity  to  p53  provided  an  AUC  of  0.81  (95% 
Cl,  0.79-0.83).  We  tested  whether  addition  of  absolute  serum 
level  of  CA125  as  an  element  of  the  panel  conferred  additional 
predictive  value  on  reanalysis  of  the  serum  set  (Table  2).  The 
posterior  distributions  of  the  regression  variables  are  displayed  in 
Fig.  3A  and  the  ROC  is  given  in  Fig.  3B  (along  with  95%  credible 
bands).  Although  there  is  improvement  in  terms  of  the  accuracy 
of  the  fitted  model  [AUC  with  CA125  goes  slightly  up  from  0.86 
(95%  Cl,  0.78-0.90)  to  0.89  (95%  Cl,  0.84-0.92)],  the  same  markers 
NY-CO-8,  HOXB7,  and  p53  are  again  selected  as  most  informative 
along  with  CA125. 

We  conducted  a  cross-validation  analysis  to  determine  the 
self-consistency  of  the  best  model.  Here,  a  leave-one-out  approach 
was  used  where  each  data  point  D,  was  removed  from  the  data 
set  and  predicted  (using  the  best-fitting  model  in  Table  1  and 
posterior  predictive  distribution  [Tl*;|Z)j_,}])  by  the  remaining 

cases  =  1,  2 . n  with  {—1}  denoting  the  data,  except  for 

the  ith  observation  and  Zl*,  is  a  predicted  value  of  Dj.  The 
resulting  cross-validated  ROC  in  Fig.  4A  was  very  close  in  shape 
to  ROC  given  in  Fig.  2B.  The  posterior  mean  of  the  cross- 
validated  AUC  was  0.85,  with  a  slightly  wider  95%  credible 
interval  of  0.76  to  0.92  reflecting  additional  uncertainty  arising 
from  predictions.  Therefore,  for  this  data  set,  our  model  is  self- 
consistent. 

Several  conditions  unrelated  to  ovarian  cancer  result  in  an 
elevated  serum  CA125  level.  Furthermore,  the  sensitivity  of  the 
CA125  for  detection  of  early-stage  disease  is  limited.  To  validate 


Figure  2.  Posterior  distributions  and  estimate  of  ROC  for  markers  NY-CO-8, 
HOXB7,  and  p53.  A,  posterior  distributions  of  {0;}  in  the  variabie  selection 
algorithm  for  data  of  Table  1.  Numbers  inside  brackets,  elements  in  Table  1 
{i.e.,  [1]  corresponds  to  FLJ21522,  etc.).  B,  posterior  estimate  of  ROC  for 
markers  NY-CO-8,  HOXB7,  and  p53  with  95%  credible  interval  for  cutoff  values 
ranging  from  0.01  to  1 .00  for  data  of  Table  1 . 

criterion,  we  picked  the  best  model  and  computed  multiple 
sensitivity,  specificity,  ROC,  and  area  under  the  receiver-operator 
curve  (AUC)  by  varying  a  probability  cutoff  between  0.01  and 
1.00  (Table  1;  Fig.  2).  The  AUC  was  calculated  as  0.86  [95% 
credible  interval  (Bayesian  analogue  of  confidence  interval), 
0.78-0.90]  for  this  best-fitting  model  (Table  1).  The  best  model 
used  three  TAA  markers:  p53  and  HOXB7,  which  showed  a 
positive  association,  and  NY-CO-8,  which  showed  a  negative 
association  (Table  1). 

We  also  compared  the  best  model  for  discrimination  of  cases 
and  controls  with  detection  of  absolute  serum  level  of  CA125  or 
p53-specific  antibody  or  both.  The  AUC  was  calculated  as  0.83 
[95%  confidence  interval  (95%  Cl),  0.81-0.85]  for  the  standard 
CA125  assay  alone.  Detection  of  p53  antibody  alone  was  not 
useful  for  discrimination  of  cases  and  controls  in  this  serum  set 


Table  2.  Modeling  of  the  serum  responses  to  the 
18-element  panel  and  CA125  level  in  cases  and  controls 

Marker 

Pr(dj  -  1  Data) 

BFj 

FLJ21522 

0.37  (0.48) 

NY-CO-8 

0.90  (0.31) 

-1.18  (0.67) 

9 

NY-CO-16 

0.44  (0.50) 

ABC7 

0.53  (0.50) 

aHsIgG 

0.35  (0.48) 

Calmodulin 

0.42  (0.49) 

HOXB7 

0.87  (0.33) 

1.17  (0.73) 

6.7 

Hsp70 

0.33  (0.47) 

Hsp90 

0.41  (0.49) 

HsIgG 

0.36  (0.48) 

No  Antigen 

0.52  (0.50) 

NY-ESO-l 

0.41  (0.50) 

p53 

0.76  (0.43) 

0.73  (0.62) 

3.2 

Ubiquilin-1 

0.52  (0.50) 

ZFP161 

0.49  (0.50) 

Vector 

0.41  (0.50) 

HOXA7 

0.43  (0.49) 

Hsp27 

0.37  (0.48) 

CA125 

0.99  (0.07) 

0.90  (0.37) 

99 

Post,  mean  (SD) 

95%  Cl  for  AUC 

AUC 

0.89  (0.03) 

0.84 

0.92 

NOTE:  Identification  of  the  best-fitting 

model  for  discrimination 

between  sera  of  23  healthy  patients  from  MDACC  as  controls  and  sera 

from  59  stage  III/IV  ovarian  cancer  patients  obtained  at  ULSM  and  27 

from  MDACC  as  cases  using  the  18-element  panel  and  absolute  CA125 

level.  Statistical  analysis  was  done  as  described  for  Table  1. 
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Figure  3.  Posterior  distributions  and  estimate  of  ROC  for  markers  NY-CO-8, 
HOXB7,  p53,  and  CA125.  A,  posterior  distributions  of  {By}  for  aii  18  candidate 
markers  pius  CA125  ieveis  ([19])  in  the  variabie  seiection  aigorithm  for  data  of 
Table  2.  B,  posterior  estimate  of  ROC  for  training  set  using  NY-CO-8,  HOXB7, 
p53,  and  CA125  with  95%  credible  inten/ai  for  cutoff  values  ranging  from  0.01  to 
1 .00  for  data  of  Table  2. 


our  18-element  panel  and  modeling  in  a  serum  set  in  which  the 
CA125  assay  would  perform  poorly,  we  studied  sera  of  32  women 
attending  a  gynecology  clinic  at  ULSM  (including  3  with  CA125 
levels  >35  units/mL)  hut  who  had  no  evidence  of  ovarian  cancer 
as  controls.  As  cases,  we  tested  sera  from  either  37  women  with 
advanced-stage  (III/IV)  ovarian  cancer  or  14  women  with  early- 
stage  (I/II)  ovarian  cancer  (Fig.  4B  and  C).  These  test  sets  of 
independent  sera  were  analyzed  in  parallel  for  reactivity  to  the 
panel  of  TAAs  and  controls,  and  the  data  were  analyzed  using 
the  previously  determined  hest-fitting  model  excluding  CA125 
(described  in  Table  1).  The  ROC  analyses  are  provided  in  Fig.  45 
and  C.  The  model  provided  an  AUC  of  0.71  (95%  Cl,  0.67-0.76) 
for  discrimination  between  women  with  advanced-stage  ovarian 
cancer  and  those  attending  the  gynecology  clinic  at  ULSM  and  an 
AUC  of  0.70  (95%  Cl,  0.48-0.75)  for  discrimination  between 
early-stage  ovarian  cancer  and  women  attending  the  gynecology 
clinic  at  ULSM. 


A 


1  -Specificity 


Figure  4.  Validation  steps.  A,  cross-validated  estimate  of  ROC  for  the  best¬ 
fitting  model  summarized  in  Table  1 .  B  and  C,  cross-validation  of  the  best-fitting 
model  for  p53-,  NY-CO-8-,  and  HOXB7-specific  antibody  reactivity  (see  Table  1) 
using  an  independent  set  of  sera  from  37  advanced-stage  ovarian  cancer 
patients  (B)  or  14  early-stage  ovarian  cancer  patients  (C)  as  cases  and  32 
women  attending  a  gynecology  clinic  for  conditions  other  than  ovarian  cancer  as 
controls  in  (B  and  C). 
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Discussion 

Our  study  examines  the  applicability  of  multiplex  detection  of 
autologous  antibody  to  TAAs  as  a  diagnostic  tool  for  cancer.  The 
detection  of  autologous  antibody  to  this  three-member  panel  of 
TAAs,  in  addition  to  CA125,  shows  merit  as  an  approach  for 
ovarian  cancer  detection.  However,  much  larger  studies  are 
required  to  assess  its  sensitivity  at  the  high  specificity  required 
for  screening  healthy  women.  In  particular,  it  warrants  further 
examination  in  high-risk  populations,  such  as  female  first-degree 
relatives  of  ovarian  cancer  patients  or  women  carrying  mutations 
that  predispose  toward  cancer.  The  application  of  longitudinal 
screening  may  also  significantly  increase  the  positive  predictive 
value  of  the  test  (37,  38).  Sera  collected  over  up  to  four  time  points 
from  individual  patients  with  ovarian  (n  =  5)  or  breast  {n  =  5) 
cancer  were  analyzed  for  the  stability  of  TAA  reactivity.  The 
reactivity  to  individual  TAAs  was  generally  stable  over  several  years 
despite  therapy,  indicating  that  this  approach  is  not  useful  to 
monitor  therapy  (data  not  shown). 

Our  modeling  of  TAA-specific  antibody  discriminates  poorly 
the  patients  with  ovarian  cancer  from  those  with  cancer  of  other 
organ  sites,  notably  women  with  breast  cancer  [n  =  18),  colon  cancer 
{n  =  6),  and  lung  cancer  {n  =  10;  data  not  shown).  This  reflects  the  use 
of  p53  as  a  diagnostic  marker  and  its  importance  in  cancers  in 
addition  to  ovarian  cancer  (14).  However,  other  investigators  have 
improved  specificity  for  a  particular  cancer  type  by  the  inclusion  of 
additional  markers  (29,  39).  Over  2,000  TAAs  have  been  entered  into 
the  SEREX  database.®  Several  other  approaches  have  also  been  used 
to  identify  candidate  TAAs,  including  mass  spectrometric  analysis  of 
immunoprecipitates  (8)  and  screening  of  phage  display  libraries 
(40,  41).  Inclusion  of  other  TAAs  using  similar,  highly  multiplexed 
approaches  (42)  in  large  case-control  studies  may  provide  better 
discrimination  between  ovarian  and  other  cancer  types. 

A  more  conventional  approach  to  data  analysis  using  logistic 
regression  where  all  the  13  markers  and  5  controls  were  forced  to 
stay  in  the  model  (with  prior  probability  of  inclusion  being  100% 
for  each)  failed  to  provide  a  useful  model  (data  not  shown),  as 
an  AUC  of  only  ~0.60  was  obtained.  Here,  we  describe  the 
application  of  Bayesian  model/variable  selection  approach  using 
MCMC  computations,  implemented  in  the  freely  available  Win- 
BUGS  program,  to  determine  the  best  predictive  model.  The 
MCMC  variable  selection  is  a  model-based  approach  with  a 
specified  statistical  model  on  the  cases  and  controls  (in  our  case, 
binomial  distribution  with  logistic  link)  but  puts  no  distributional 
restriction  on  the  predictors  (markers).  It  represents  an  alternative 
to  the  existing  ad  hoc  statistical  approaches,  such  as  recursive 
partitioning  (27-29),  and  provides  formal  assessment  of  uncer¬ 
tainty  (in  probabilistic  terms)  through  Bayesian  learning  and 
updating.  A  unique  feature  of  our  methods  is  the  easy  incorpo¬ 
ration  in  a  natural  way  into  existing  models  of  prior  information 
obtained  from  earlier  clinical  studies  or  scientist’s  experience  that 
cannot  be  used  in  other  procedures. 

We  conducted  a  cross-validation  analysis  initially  using  a  leave- 
one-out  approach  to  determine  the  self-consistency  of  our  best 
model  for  discrimination  between  healthy  volunteers  and  women 
with  advanced-stage  ovarian  cancer.  The  model  has  proven  to  be 
internally  consistent;  therefore,  we  sought  further  validation  using 
an  independent  serum  set.  Unlike  advanced-stage  disease,  ovarian 
cancer  diagnosed  while  still  confined  to  the  ovaries  is  highly 
curable  using  current  interventions.  Thus,  we  examined  the  ability 
of  our  model  to  discriminate  sera  from  patients  with  advanced- 


stage  and  early-stage  disease.  The  model  was  tested  in  another  set 
of  sera  that  included  14  from  patients  with  stage  I/II  ovarian  cancer 
or  37  sera  from  advanced-stage  ovarian  cancer  patients.  Further¬ 
more,  as  a  more  rigorous  test,  we  used  sera  from  women  with 
nonmalignant  gynecologic  conditions  as  controls.  The  model 
achieved  an  AUC  of  0.70  (95%  Cl,  0.48-0.75)  for  discrimination 
between  sera  of  early-stage  ovarian  cancer  patients  and  controls. 
The  wider  credible  intervals  partially  reflect  the  relatively  small 
number  of  early-stage  cases  {n  =  14).  This  outcome  represents  a 
significantly  poorer  performance  than  for  advanced-stage  cases 
versus  healthy  volunteers  for  which  an  AUC  of  0.86  (95%  Cl,  0.78- 
0.90)  was  derived.  However,  we  obtained  an  AUC  of  0.71  (95%  Cl, 
0.67-0.76)  for  discrimination  between  advanced-stage  ovarian 
cancer  and  women  with  nonmalignant  gynecologic  conditions 
suggesting  that  these  markers,  like  CA125,  are  affected  by 
nonmalignant  gynecologic  conditions. 

Many  other  biomarkers,  including  CA125,  are  significantly  less 
predictive  for  early-stage  ovarian  cancer  patients.  It  is  therefore 
interesting  that  the  autoantibody-based  test  may  be  similarly 
effective  for  discrimination  of  sera  of  both  early-stage  and  late- 
stage  ovarian  cancer  patients  from  healthy  women.  Although  no 
information  is  available  on  the  relationship  of  NY-CO-8  and  ovarian 
carcinogenesis,  both  p53  mutation  (14,  16,  43)  and  HOXB7  over¬ 
expression  have  been  described  in  early-stage  ovarian  cancer  (11,  21). 

Differences  in  specimen  processing  can  confound  biomarker 
studies.  The  similar  AUCs  obtained  using  ovarian  cancer  cases 
from  different  institutions  (ULSM  and  GOG)  suggests  that  this 
autoantibody-based  test  is  likely  resistant  to  the  confounding 
effects  of  collection  at  different  sites. 

Pattern  recognition  analysis  of  proteomic  profiles  has  been  used 
to  discriminate  sera  of  ovarian  cancer  patients  from  those  of 
healthy  women.  However,  the  biological  underpinning  of  these 
patterns  is  yet  unclear  (44).  By  contrast  to  proteomic  profiles,  the 
significance  of  the  TAAs  p53  and  HOXB7  in  cancer  biology 
has  been  studied  extensively  for  ovarian  and  other  cancers  (9,  43, 
45-47).  A  partial  cDNA  sequence  NY-CO-8  was  initially  identified 
as  a  colon  cancer  antigen.  However,  subsequent  analysis  of 
the  serologic  reactivity  to  NY-CO-8  suggests  that  it  is  a  naturally 
occurring  autoantigen  (42).  The  presence  of  NY-CO-8-reactive 
autoantibody  in  healthy  controls  that  are  suppressed  in  cancer 
patients  may  account  for  its  negative  association  with  ovarian 
cancer  in  our  study.  However,  we  observed  no  generalized 
suppression  of  antibody  levels  in  ovarian  cancer  patients  (Fig.  1); 
thus,  the  possibility  of  a  protective  effect  warrants  further 
investigation.  Indeed,  a  similar  phenomenon  was  recently 
described  for  MUCl-specific  antibody  (48).  The  full-length 
NY-CO-8  gene  was  recently  cloned,  and  its  product,  CCCAP,  was 
shown  to  associate  with  centrosomes  (49).  Intriguingly,  disruption 
of  the  centrosomes  is  an  early  event  in  the  genesis  of  ovarian 
cancer.  Furthermore,  the  breast  and  ovarian  cancer  hereditary 
susceptibility  genes  BRCAl  and  BRCA2  contribute  to  a  centro- 
some  function  that  is  believed  to  help  maintain  the  integrity  of 
the  chromosome  segregation  process  (50,  51). 
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Abbreviations: 

GC:  General  cell  isoform 
UNC-45:  uncoordinated  mutant-45 

UCS:  UNC-45/CR01/She4p,  a  family  of  related  chaperones  of  myosins 
GFP:  green  fluorescent  protein 

MALDI-TOF:  matrix-assisted  laser  desorption  ionization  time-of-flight  analysis 
lOSE:  Immortalized  ovarian  surface  epithelial  cell 

MGC-999:  full  length  cDNA  for  human  GC  UNC-45,  Genbank  ID  BC006214 
XTT:  2,3-bis[2-methoxy-4-nitro-5-sulpfophenyl]-2-H-tetrazolium-5-carboxanilide 
GAPDFI:  glyceraldehyde-3-phosphate  dehydrogenase 
FISP:  Fleat  shock  protein 
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Abstract 

Aberrant  protein  expression  contributes  to  carcinogenesis  and  can  trigger  a  specific 
humoral  immune  response  in  cancer  patients.  To  identify  aberrantly  expressed  proteins 
that  are  potentially  relevant  to  the  development  of  ovarian  cancer,  we  derived  a  tumor 
cell  line  from  a  patient  with  serous  carcinoma  and  immunoprecipitated  tumor-associated 
antigens  from  tumor  cell  lysate  using  autologous  serum  antibody.  The  General  Cell 
isoform  of  UNC-45  (GC  UNC-45)  was  identified  in  the  immunoprecipitate  by  matrix- 
assisted  laser  desorption  ionization  time-of-flight  analysis.  GC  L/A/C-45  transcripts  were 
higher  in  high  grade  disease  than  immortalized  ovarian  surface  epithelium  in  53%  of 
cases.  GC  UNC-45  protein  levels  were  also  elevated  in  ovarian  cancer  cells  lines  as 
compared  to  immortalized  ovarian  surface  epithelial  cell  lines.  Although  GC  UNC-45  is 
present  in  normal  surface  epithelium  and  benign  cystadenoma,  elevated  GC  UNC-45 
expression  was  associated  with  serous  carcinoma  (P<0.02).  Furthermore,  elevated  GC 
UNC-45  expression  positively  correlated  with  higher  grade  and  advanced  stage  of 
serous  carcinoma  (P<0.02).  GC  UNC-45  is  a  member  of  the  UCS  (UNC- 
45/CR01/She4p)  family  of  proteins  necessary  to  chaperone  myosin  assembly  and 
critical  for  cytokinesis  in  fungi  and  nematodes.  GC  UNC-45  co-localized  with  myosin  II 
in  ovarian  cancer  cells  during  interphase,  and  concentrated  with  myosin  II  at  the 
cleavage  furrow  during  cytokinesis.  Ectopic  over-expression  of  GC  UNC-45  enhanced 
the  rate  of  ovarian  cancer  cell  proliferation  in  vitro.  Knockdown  of  GC  UNC-45  with 
siRNA  reduced  the  rate  of  proliferation  without  affecting  myosin  levels,  consistent  with  a 
role  in  facilitating  correct  myosin  assembly  and  division  of  ovarian  cancer  cells. 
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Introduction 

Ovarian  cancer  is  the  most  lethal  gynecological  malignancy.  Ovarian  cancer  comprises 
a  heterogeneous  group  of  tumors  but  serous  carcinoma  accounts  for  more  than  60%  of 
all  cases.  Efforts  to  develop  new  targeted  treatments  and  diagnostic  tests  for  serous 
carcinoma  have  been  limited  by  our  limited  understanding  of  ovarian  carcinogenesis. 
There  is  currently  no  established  morphologic  precursor  lesion  for  conventional  serous 
carcinoma  and  it  has  thus  been  described  as  arising  ‘de  novo’  (1).  As  a  consequence  of 
the  lack  of  an  effective  screening  test  for  early  detection,  serous  carcinoma  is  rarely 
diagnosed  in  stage  I  when  conventional  treatment  is  frequently  curative.  Serous 
carcinoma  is  believed  to  arise  in  the  ovarian  surface  epithelium,  although  it  may  also 
develop  from  the  mesothelium  or  the  fallopian  tube  epithelium  (2).  Controversy  with 
respect  to  the  origins  of  this  disease  (3)  and  the  paucity  of  animal  models  for  serous 
carcinoma  have  complicated  the  study  of  the  early  events  of  ovarian  carcinogenesis. 

The  immune  system  constantly  surveys  for  “non-self”  antigens  which  often  results  in 
generation  of  autologous  antibodies  against  tumor  associated  antigens  aberrantly 
expressed  or  mutated  in  cancer  (4).  As  an  alternative  to  the  typical  genetic  and 
proteomic  approaches  that  are  applied  to  identify  differentially  expressed  proteins  in 
cancer,  the  isolation  of  tumor  associated  antigens  by  immunoprecipitation  using 
autologous  serum  antibody  from  patients  may  be  of  utility  for  identification  of  proteins 
that  are  aberrantly  expressed  in  ovarian  cancer  (5,  6).  For  example,  mutation  of  p53  is  a 
critical  early  event  in  ovarian  carcinogenesis,  and  p53-specific  autologous  serum 
antibody  is  frequently  detected  even  in  patients  (7).  However,  the  role  of ,  most 
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antigens  identified  using  autologous  antibodies  in  cancer  biology  is  unclear ,  and 
additional  studies  are  critical  to  validate  disease  relevance  (4). 

Herein  we  utilized  autologous  antibody  to  identify  the  mammalian  general  cell  (GC) 
isoform  of  UNC-45  (8),  an  aberrantly  expressed  protein  in  metastatic  serous  carcinoma 
and  explored  its  disease  relevance.  Elevated  GC  UNC-45  expression  is  associated  with 
high  grade  and  high  stage  serous  carcinoma.  Further,  we  show  that  GC  UNC-45 
expression  level  modulates  the  proliferation  rate  of  ovarian  cancer  cells,  and  that  GC 
UNC-45  concentrates  with  myosin  II,  a  molecular  motor  essential  for  cell  division,  at  the 
cleavage  furrow  during  cytokinesis. 

Materials  and  Methods 

Human  specimens.  Studies  using  human  tissue  were  performed  with  the  approval  of 
the  Johns  Hopkins  Institutional  review  board.  Fresh  tumor  tissue  and  peripheral  blood 
were  obtained  at  the  Johns  Hopkins  Hospital  with  patient  consent.  Archival  tissues  were 
obtained  from  the  Department  of  Pathology  of  the  Johns  Hopkins  Hospital  and 
assembled  in  tissue  microarrays  by  a  core  facility. 

Identification  of  GC  UNC-45  antigen.  0.5ml  of  0.2|jm-filtered  sera  from  patient  JH514 
was  bound  to  a  Sieze-X®  protein  G  spin  column  (Pierce,  Rockland  NJ)  and  IgG  cross- 
linked  with  disuccinimidyl  suberate  according  to  the  manufacturers’  instructions. 

Cultured  JH514  ovarian  cancer  cells  were  lysed  in  M-PER®  (Pierce)  and  clarified  by 
centrifugation  and  passage  through  a  protein  G  spin  column.  JH514  cell  lysate 
(7.6mg/ml)  was  reacted  with  the  autologous  antibody  column  for  1  h  at  4°C.  After 
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extensive  washing,  captured  antigen  was  eluted  at  pH2.5.  Eluates  were  precipitated 
with  10%  trichloroacetic  acid  and  analyzed  by  sodium  dodecyl  sulphate  polyacrylamide 
gel  electrophoresis  and  silver  staining.  The  -100  kDa  and  ~200kDa  protein  bands  were 
each  excised  and  digested  with  L-1-Chloro-3-[4-tosylamido]-4-phenyl-2-butanone- 
treated  sequencing  grade  trypsin  (Worthington  Biochemical  Corp.,  Lakewood,  NJ)  as 
previously  described  (9).  Masses  of  the  resulting  peptides  were  measured  by  matrix- 
assisted  laser  desorption  ionization  time-of-flight  (MALDI-TOF)  on  a  Voyager  DE  STR 
(Applied  Biosystems,  Foster  City,  Ca).  Positive  ion  mass  spectra  were  analyzed  using 
Data  Explorer  (version  3.5).  Mass  accuracy  was  better  than  100  ppm.  GC  UNC-45  was 
identified  by  searching  the  monoisotopic  masses  acquired  from  the  lOOkDa  protein 
against  the  National  Center  for  Biotechnology  Information  non-redundant  database 
using  the  MS-Fit  search  engine  on  the  protein  Prospector  web  site 
(prospector.ucsf.edu). 

Cell  culture.  IOSE-29,  IOSE-397,  IOSE-386  cell  lines  were  kindly  provided  by  Nelly 
Auesperg  (University  of  British  Columbia,  Vancouver,  British  Columbia,  Canada)  and 
cultured  in  Medium  199  and  MCDB105  (1 :1)  with  10%  fetal  bovine  serum  and  50|ug/mL 
gentamycin  (Invitrogen).  OVCAR-3,  SKOV-3,  ES-2  and  293T  cell  lines  were  obtained 
form  American  Type  Culture  Collection,  (Manassas,  VA)  and  cultured  according  their 
specification.  JH514  cell  line  was  derived  from  a  tumor  excised  from  an  83  year  old 
woman  with  stage  IV  low  grade  serous  carcinoma  of  the  ovary  and  cultured  in 
Dulbecco’s  modified  Eagles’s  medium  (DMEM)  supplemented  with  10%  fetal  calf 
serum,  penicillin  (lOOlU/ml,  and  streptomycin  (100|ug/ml)  at  5%  CO2. 


Bazzaro  et  al 


Created  on  8/22/2006  8:01 :00  AM 


Page  7 


Expression  and  purification  of  recombinant  GC  UNC-45  protein.  Full  length  human 
GC  UNC-45  coding  sequence  (Genbank  ID  BC006214)  was  subcloned  from  MGC-999 
(American  Type  Culture  Collection,  Manassas,  VA)  into  pProExHTc  vector  (Invitrogen, 
Carlsbad,  CA).  After  transformation  the  bacteria  were  grown  to  an  ODeooof  0.6  and 
induced  with  ImM  isopropylthio-p-D-galactoside  (1  mM)  for  6h.  6His-tagged  protein  was 
purified  on  nickel-nitriloacetic  acid  resin  columns  under  denaturing  conditions  according 
to  the  manufacturer  (Qiagen,  Valencia,  CA).  lOOng/ml  well  6His-tagged  human  GC 
UNC-45  was  used  for  ELISA,  with  1 :100  diluted  human  sera  and  peroxidase-linked  anti¬ 
human  IgG  secondary  antibody  (KPL,  Gaithersburg,  MD). 

Generation  of  rabbit  antisera.  Rabbits  were  immunized  with  250|ug  of  antigen  in 
Freunds  Complete  Adjuvant  and  boosted  with  125|ug  of  antigen  in  Freund’s  Incomplete 
Adjuvant  on  days  14,  28  and  35.  Rabbits  were  inoculated  with  the  following  antigens: 
full  length  6Flis-tagged  human  GC  UNC-45  and  Keyhole  limpit  cyanogen-coupled 
peptide  HTSAASPAVSLLSGLPLQ  human  GC  UNC-45.  Immunizations  and  peptide 
affinity  purification  were  performed  by  Proteintech  Laboratories  (Chicago,  IL)  using  their 
standard  protocol. 

Antibodies  and  Western  biot  anaiysis.  Antibodies  were  utilized  for  Western  blot 
analysis  at  the  concentration  recommended  by  the  manufacturer:  rabbit  polyclonal  anti¬ 
myosin  V  and  mouse  anti-myosin  VI  (Sigma,  St.  Louis,  MO),  rabbit  anti-myosin  II 
(Covance,  Berkeley,  CA),  anti-p-actin  (Sigma,  St.  Louis,  MO);  and  peroxidase-linked 
anti-rabbit  or  anti-mouse  Immunoglobulin  G  (Amersham,  Piscataway,  NJ).  Rabbit 


antisera  to  GC  UNC-45  were  used  at  1 :1000  dilution. 
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Immunohistochemistry  of  tissue  microarrays.  Immunohistochemical  analysis  of 
paraffin-embedded  tissues  was  done  as  previously  described  (10).  Briefly,  Spm  tissue 
microarray  sections  were  deparaffinized  and  rehydrated.  Antigen  retrieval  was 
performed  and  slides  were  incubated  for  5  min  with  3%  hydrogen  peroxide;  washed  and 
incubated  in  antibody  dilution  1 :250  for  60  min  at  room  temperature.  The  avidin-biotin- 
peroxidase  complex  method  from  DAKO  (Glostrup,  Denmark)  was  used  to  visualize 
antibody  binding,  and  slides  were  subsequently  counterstained  with  hematoxylin. 

Generation  of  GC  UNC-45  transient  transfectants.  Full-length  GC  UNC-45  cDNA 
(Genbank  ID  BC006214)  was  into  pcDNAS.I  (Invitrogen,  Carlsbad,  CA)  and  pEGFP-CI 
(Clontech,  Mountain  View,  CA).  Subconfluent  cultures  of  293T  or  SKOV-3  cells  were 
transfected  with  plasmids  DNAby  using  Lipofectamine  2000  reagent  (Life  Technologies, 
Carlsbad,  CA). 

Transfection  of  ovarian  carcinoma  ceiis  with  short  interfering  RNA  (siRNA) 
oiigomers. 

Sequences  of  siRNA  oligomers  (synthesized  by  Qiagen,  Valencia,  CA)  were  as  follows: 
GC  UNC-45  siRNA-1, 5’-GCUGGAAGAUUACGACAAAdTdT-3’;  GC  UNC-45  siRNA-2, 
5’-ACCUCAAGCUGGAAGAUUAdTdT-3’.  ES-2  cells  were  transfected  with  oligomers  by 
using  Lipofectamine  2000  reagent  (Life  Technologies,  Carlsbad,  CA).  Efficacy  of  GC 
UNC-45  knock-down  was  tested  by  using  oligomers  at  a  range  of  concentration  (20,  50, 
lOOnM)  over  a  period  of  24,  48  and  96  hours  by  Western  blot  analysis.  As  control,  ES-2 
cells  were  transfected  with  nonsilencing  fluorescein-labeled  siRNA  (Qiagen,  Valencia, 
CA)  under  the  same  conditions  used  for  GC  UNC-45  siRNAs. 
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Proliferation  assay. 

Fluorescent  SKOV-3  cells  were  imaged  and  manually  counted  after  12,  24  and  48  hours 
from  the  transfection  in  a  20X  power  field  under  a  Nikon  Eclipse  TE200  inverted 
fluorescence  microscope.  6  fields  per  each  condition  were  counted.  Alternatively,  cell 
were  seeded  at  the  concentration  of  1 ,000  cells  per  well  in  100|ul  medium  in  96-well 
plate  and  after  the  indicated  periods,  cells  were  incubated  with  2,3-bis[2-methoxy-4- 
nitro-5-sulpfophenyl]-2-H-tetrazolium-5-carboxanilide  inner  salt  (XTT)  (Roche 
Diagnostic  GmbH,  Mannheim,  Germany)  according  to  the  manufacturer’s  protocol. 
Formazan  dye  was  quantified  using  a  spectrophotometric  plate  reader  to  measure  the 
absorbance  at  405mm  (ELISA  reader  190;  Molecular  Devices,  Sunnyvale,  CA).  All 
experiments  were  done  in  triplicate. 

Cellular  localization  of  GC  UNC-45.  SKOV-3  cells  were  seeded  12  hours  after 
transfection  at  2,000  cells/500  |ul  per  well  in  Lab-Tek  II  chambered  coverglass  (Nalge 
Nunc  International,  Rochester,  NY)  and  nuclei  were  visualized  by  Hoechst  staining. 
Mounted  samples  were  viewed  under  a  Nikon  Eclipse  TE  200  inverted  microscope  and 
images  captured  with  Spot  3.5.8  acquisition  software. 

Results 

Identification  and  characterization  of  GC  UNC-45. 

Aberrant  expression  of  tumor  cell  proteins  is  often  accompanied  by  generation  of 
specific  autologous  antibodies  by  cancer  patients.  In  order  to  identify  proteins  that  are 
aberrantly  expressed  during  ovarian  carcinogenesis,  we  utilized  matrix-assisted  laser 


Bazzaro  et  al 


Created  on  8/22/2006  8:01 :00  AM 


Page  1 0 


desorption  ionization  time-of-flight  analysis  (MALDI-TOF)  to  identify  ovarian  tumor  cell 
proteins  precipitated  by  autologous  patient  IgG.  A  cell  line  was  derived  from  a  patient 
with  stage  IV  low  grade  serous  carcinoma,  and  detergent  lysate  prepared  for 
immunoprecipitation.  Autologous  serum  antibody  immunoprecipitated  two  proteins  with 
estimated  molecular  mass  of  -lOOkDa  and  ~200kDa  (Fig.1  A  insert  panel).  Each  band 
was  excised  from  the  gel  and  identified  by  trypsin  digestion  and  MALDI-TOF  of  the 
tryptic  fragments.  The  ~200kDa  antigen  was  identified  as  KIAA1529  (195kDa).  The 
-lOOkDa  was  identified  as  GC  UNC-45  (GC  UNC-45)  (11)  which  has  a  predicted  mass 
of  101  kDa  (Figure  1 A  and  Supplementary  data  Table  1 ).  While  nothing  is  known  about 
KIAA1529,  GC  UNC-45  is  a  conserved  member  of  the  UCS  (UNC-45/CR01/She4p) 
family  of  the  chaperone  proteins.  Studies  of  the  function  of  UCS  proteins  have  been 
primarily  restricted  to  model  organisms  such  as  nematodes  and  fungi  (8).  They  suggest 
that  UCS  proteins  exert  chaperone  activity  on  both  conventional  and  non-conventional 
myosins  and  thereby  play  a  key  role  in  cytokinesis  and  cell  proliferation  (12-17). 

GC  UNC-45  aberrant  expression  associates  with  ovarian  cancer  ceiis  in  vivo. 

GC  UNC-45  transcripts  were  detected  in  all  17  serous  carcinoma  specimens  tested. 
The  SV40  large  T-immortalized  surface  epithelial  cell  line  IOSE-29  has  been  used  to 
model  a  pre-malignant  state  of  ovarian  carcinogenesis  (18-20).  Initial  analysis  of  GC 
UNC-45  mRNA  levels  in  17  ovarian  cancer  samples  using  Q-PCR  showed  that,  after 
normalization  to  the  transcript  of  housekeeping  gene  GAPDFI,  GC  UNC-45  transcripts 
levels  were  at  least  2-fold  higher  than  the  levels  in  the  SV40  large  T-immortalized 
surface  epithelial  cell  line  IOSE-29  in  8  of  15  (53%)  high  grade  serous  carcinomas 
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(Fig.1  B).  GC  UNC-45  transcripts  were  elevated  2-fold  in  both  the  tumor  tissue  and  cell 
line  of  the  patient  with  GC  UNC-45-specific  antibody. 

Given  this  evidence  of  GC  UNC-45  transcript  levels  tended  to  be  higher  in  ovarian 
cancer  with  respect  to  the  SV40  large  T-immortalized  surface  epithelial  cell  line  lOSE- 
29,  we  generated  polyclonal  rabbit  antisera  (Fig.  2A)  to  aid  the  examination  of  GC  UNC- 
45  protein  expression  in  benign  cysts  and  normal  ovarian  surface  epithelium.  First  we 
performed  immunoblot  analysis  to  validate  the  specificity  of  the  antibody  and  compare 
GC  UNC-45  expression  levels  in  specimens  of  serous  carcinomas  versus  benign 
serous  cystadenoma.  As  shown  in  Fig.  2B  specimens  of  serous  carcinoma  are 
associated  with  significantly  (P<0.02)  higher  levels  of  GC  UNC-45  compared  to  the 
benign  serous  cystadenoma.  A  semiquantitative  analysis  of  the  ratio  between  GC  UNC- 
45  and  p-actin  is  given  in  Fig.  2C.  To  address  the  possibility  that  aberrant  expression  of 
GC  UNC-45  may  be  associated  with  a  more  aggressive  behavior  of  ovarian  cancer,  we 
performed  immunohistochemical  staining  of  tissue  microarrays.  A  total  of  64  clinical 
specimens  representing,  normal  ovarian  surface  epithelia  (n=14),  benign  cysts  of  the 
ovary  (n=7),  low-grade  ovarian  carcinomas  (n=14)  and  high-grade  ovarian  carcinomas 
(n=32)  where  subjected  to  immunohistochemical  staining  for  GC  UNC-45  expression 
(Fig.  3A).  The  staining  intensity  was  scored  by  three  independent  evaluators,  blinded  to 
the  severity  of  the  tumors,  as  no  staining=0,  weak  staining=1 ,  moderate  staining=2,  and 
intense  staining=3.  Using  this  scoring  system  high  grade  serous  carcinomas  was 
associated  with  more  intense  staining  for  GC  UNC-45  than  the  low-grade  serous 
carcinomas  (p<0.02).  Staining  of  normal  ovarian  surface  epithelium  and  benign  serous 
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cystadenoma  were  not  significantly  different  from  each  other  (p=n.s)  (Fig.  3B,  upper 
panel).  GC  UNC-45  antibody  staining  was  significantly  less  intense  in  low  stage  (1-2) 
versus  high  stage  (stages  3-4)  serous  carcinoma  (p<0.02)  (Fig.  3B,  lower  panel). 
Flowever,  despite  the  aberrant  expression  of  GC  UNC-45  in  a  significant  fraction  of 
ovarian  cancer  cases,  GC-UNC-45-specific  antibodies  were  detected  by  ELISA  using 
full  length  6Flis-tagged  recombinant  protein  in  only  2/82  sera  of  patients  with  ovarian 
carcinoma,  and  0/50  patients  with  non-malignant  gynecologic  disorders  (data  not 
shown),  suggesting  that  it  is  not  highly  immunogenic. 

CG  UNC-45  is  aberrantly  expressed  in  ovarian  cancer  cell  lines  and  regulates  cell 
proliferation 

To  establish  a  suitable  in  vitro  model  for  investigating  the  biological  significance  of  GC 
UNC-45  overexpression  in  ovarian  cancer,  a  panel  of  immortalized,  but  not  tumorigenic, 
ovarian  surface  epithelial  cells  (IOSE-29,  IOSE-386  and  IOSE-397)  and  a  panel  of 
ovarian  cancer  cell  lines  (SKOV-3,  OVCAR-3,  ES-2  and  JFI-514)  were  subjected  to 
immunoblot  analysis  for  GC  UNC-45.  The  ovarian  cancer  cell  lines  exhibited  higher 
levels  of  GC  UNC-45  as  compared  to  lOSEs  suggesting  that  aberrant  expression  of  GC 
UNC-45  associated  with  malignant  phenotype  is  mantained  in  established  ovarian 
cancer  cell  lines.  A  semiquantitative  analysis  of  the  ratio  between  GC  UNC-45  and  p- 
actin  is  given  in  Fig.  4B.  Similar  results  were  obtained  by  using  both  antisera,  but 
immunoblot  analysis  using  the  affinity-purified  peptide  antibody  is  shown. 
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Immunohistochemical  analysis  of  GC  UNC-45  expression  in  clinical  specimens  revealed 
that  the  endogenous  protein  is  predominantly  localized  in  the  cytosolic  compartment. 
Similarly,  GFP-tagged  GC  UNC-45  localized  predominantly  in  the  cytoplasmic  cellular 
compartment  when  ectopically  expressed  in  multiple  different  ovarian  cancer  cell  lines 
using  the  pEGFP-CI  GC  UNC-45  construct  (data  not  shown). 

Genetic  studies  in  model  systems  suggest  a  role  for  GC  UNC-45  in  cell  proliferation  (8). 
To  address  the  significance  of  the  elevated  levels  of  GC  UNC-45  present  in  ovarian 
cancer,  we  investigated  whether  modulation  of  GC  UNC-45  expression  levels  via 
ectopic  over-expression  or  siRNA  knock-down  reciprocally  regulated  cell  proliferation  of 
the  cells.  The  ovarian  cancer  cell  line  SKOV-3  was  chosen  for  experiments  of  ectopic 
over-expression  because  western  blot  analysis  revealed  an  intermediate  expression 
level  of  GC  UNC-45.  The  SKOV-3  cell  line  was  transiently  transfected  with  vectors 
expressing  GFP  alone  (pEGFP-CI)  or  GFP-GC  UNC-45  fusion  protein  (pEGFP-CI  GC 
UNC-45)  and  the  number  of  fluorescent  cells  were  counted  at  12,  24  and  36h  after 
transfection.  The  results  show  significant  more  rapid  proliferation  by  cells  transfected 
with  pEGFP-CI-GC  UNC-45  as  compared  to  pEGFP-CI  vector  alone  (P<0.02  at  both 
24h  and  48h  post  transfection)  (Fig.  5A).  To  exclude  the  possibility  that  GFP  fusion 
affects  the  function  of  GC  UNC-45  or  potential  toxic  effects  of  GFP  expression,  we 
compared  the  proliferation  rate  of  SKOV-3  cells  transiently  transfected  with  pEGFP-CI 
plus  pcDNA3  (vector  control)  versus  pEGFP-CI  plus  pcDNA3-GC  UNC-45.  The 
proliferation  rates  were  followed  by  counting  the  number  of  fluorescent  cells  at  12,  24 
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and  36  hours  post-transfection.  Again,  ectopic  expression  of  GC  UNC-45  was 
associated  with  an  increased  cell  proliferation  in  SKOV-3  cells  (P<0.02,  Fig.SB). 

To  determine  if  higher  basal  levels  of  GC  UNC-45  contribute  to  higher  proliferation  rate 
of  ovarian  cancer  cells,  we  performed  GC  UNC-45  knock-down  experiments  using 
siRNA  in  ES-2  ovarian  cancer  cell  line.  The  GC  UNC-45  expression  was  unaffected 
upon  transient  transfection  of  non-silencing  control  siRNA  (negative  control  siRNA), 
while  both  GC  UNC-45  siRNA-1  and  GC  UNC-45  siRNA-2  considerably  reduced  the 
protein  expression  levels  within  24  hours  of  siRNA  treatment  (Fig.  5C).  After  assessing 
the  protein  knock-down  conditions,  the  proliferation  rate  was  determined  by  using  the 
XTT  assay.  A  significant  reduction  in  proliferation  rate  of  ES-2  cell  line  was  observed  for 
both  the  siRNAs  1-and  2  as  compared  to  the  proliferation  rate  of  the  cell  transfected 
with  the  neg.control-siRNAs  (Fig.  5D).  This  is  consistent  with  anti-sense  experiments 
conducted  on  proliferating  myoblasts  shows  that  their  proliferation  rate  is  severely 
compromise  by  the  reduction  of  GC  UNC-45  expression  level  (11). 

Colocalization  of  GC  UNC-45  with  myosin  and  the  effect  of  GC  UNC-45  levels  on 
myosin  expression. 

Genetic  and  biochemical  studies  reveal  that  UCS  domain  proteins  have  chaperone 
activity  during  assembly  and  maturation  of  conventional  and  non-conventional  myosins 
(16).  Specifically,  GC  UNC-45  paralogues  in  yeast  and  nematodes  act  on  myosin  types 
II  and  V  and  thereby  play  a  fundamental  role  during  cytokinesis  (1 2,  1 3,  1 5,  1 7).  To 
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address  the  hypothesis  that  GC  UNC-45  plays  a  similar  role  in  ovarian  cancer  cells,  we 
performed  co-localization  studies  by  immunofluorescence  microscopy.  While  there  was 
partial  overlap  between  GC  UNC-45  and  myosin  V  immunostaining  (Fig.  6A)  the  GC 
UNC-45  and  myosin  II  extensively  co-localized  within  the  cytoplasm  of  interphase 
ovarian  cancer  cells  (Fig.  6B).  Using  confocal  immunofluorescence  microscopy,  we 
were  able  to  show  that  enogenous  GC  UNC-45  colocalizes  with  myosin  II  in  interphase 
cells  (Supplemental  Figures  1  and  2).  Myosin  II  is  also  known  to  accumulate  at  the 
cleavage  furrow  (Fig.  6C)  and  thereby  drive  cytokinesis  (21 , 22).  Immunohistochemical 
staining  also  revealed  the  co-localization  of  GC  UNC-45  with  myosin  II  at  the  cleavage 
furrow  in  mitotic  cells  (Fig.  6C),,  consistent  with  the  role  of  GC  UNC-45  as  chaperone 
that  facilitates  the  correct  assembly  of  myosin  II. 

Genetic  studies  suggest  that  cytokinesis  is  very  sensitive  to  appropriate  levels  and 
folding  of  myosin  (23).  Thus  the  inhibition  in  cell  proliferation  of  ovarian  cancer  cell  lines 
following  knockdown  might  occur  via  unfolding  and/or  destabilization  of  myosins  in  the 
presence  of  insufficient  GC  UNC-45  chaperone.  Thus,  we  examined  whether 
knockdown  of  GC  UNC-45  expression  would  destabilize  and  thereby  reduce  the  levels 
of  conventional  (myosin  II)  and  non-conventional  (V  and  VI)  myosins.  For  this  purpose 
GC  UNC-45  expression  levels  were  knocked-down  by  siRNA  in  ES-2  ovarian  cancer 
and  the  expression  levels  of  myosins  II,  V  and  VI  were  assessed  by  immunoblot 
analysis.  As  shown  in  Fig.6D,  reduction  of  GC  UNC-45  expression  levels  did  not  have 
obvious  effects  on  the  levels  of  myosin  II,  V  or  VI  in  siRNA  treated  ES-2  cell  lines  at  48 
at  hours  post-transfection.  At  96  hours  post-siRNA  treatment  the  levels  of  myosin  V  was 
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notably  decreased.  Because  the  effect  of  the  GC  UNC-45  down-regulation  on 
proliferation  of  ovarian  cancer  cells  was  already  evident  between  24-48  hours  post¬ 
transfection  with  GC  UNC-45  siRNA,  it  is  not  likely  that  the  decrease  in  myosin  levels  is 
responsible  for  the  slowed  cell  proliferation  following  GC  UNC-45  down-regulation. 

Discussion 

In  this  study  we  identified  GC  UNC-45,  a  member  of  the  UCS  family  (UNC- 
45/CR01/She4p),  as  an  autologous  antigen  in  ovarian  cancer.Although  GC  UNC-45 
reactive  antibody  was  rare  in  ovarian  cancer  patients,  nevertheless,  GC  UNC-45  is 
aberrantly  over-expressed  in  ovarian  cancer  cells  in  vivo  and  in  vitro  with  a  pattern  of 
protein  over-expression  that  correlates  with  the  more  aggressive  high  grade,  high  stage 
ovarian  cancer  versus  low  grade  and  low  stage  disease. 

To  address  the  significance  of  GC  UNC-45  over-expression  in  ovarian  cancer  and  its 
biological  function  we  examined  the  consequences  of  manipulating  its  level,  and 
examined  the  localization  of  GC  UNC-45  with  respect  to  known  interacting  proteins. 
Prior  studies  conducted  on  proliferating  versus  quiescent  myoblasts  as  well  as  on 
mouse  embryos  throughout  the  differentiation  process,  indicated  a  direct  correlation 
between  GC  UNC-45  expression  levels  and  proliferation  (11).  Here  we  show  that 
ectopic  over-expression  or  knockdown  of  GC  UNC-45  increased  and  reduced  the 
proliferation  rate  of  ovarian  cancer  cells  respectively,  suggesting  that  GC  UNC-45  over¬ 
expression  may  both  contribute  to  and  be  necessary  for  rapid  ovarian  cancer 


expansion. 
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GC  UNC-45  paralogues  in  fungi  and  nematodes  act  as  chaperone  molecules  for  the 
assembly  and  folding  of  conventional  and  non-conventional  myosins,  including  myosins 
II  and  V  (8,  23).  Furthermore  the  function  of  GC  UNC-45  paralogues  and  myosins  II  and 
V  are  critical  during  cytokinesis  in  these  model  organisms  (12-17).  Immunofluorescence 
studies  in  ovarian  cancer  cells  suggest  that  GC  UNC-45  co-localizes  with  myosins,  and 
myosin  II  in  particular.  This  colocalization  occurs  during  interphase  but  is  most  obvious 
during  cytokinesis  whereupon  GC  UNC-45  and  myosin  II  accumulate  and  co-localize 
within  the  cleavage  furrow.  Gene  dosage  studies  in  model  organisms  suggest  that 
cytokinesis  is  extremely  sensitive  to  the  levels  of  myosin  (24-26).  Further,  studies  have 
shown  that  UCS  protein  binds  directly  to  and  prevents  thermal  aggregation  of  the 
myosin  head  domain  and  are  necessary  for  its  activity  (16,  27).  Consistent  with  the 
genetic  studies,  our  study  shows  that  knockdown  of  GC  UNC-45  slows  the  rate  of 
ovarian  cancer  cell  proliferation  within  48h,  although  levels  of  myosins  II,  V  and  VI  do 
not  change  during  this  period.  This  suggests  that  continued  chaperone-function  of  GC 
UNC-45  for  correct  folding  of  myosins  is  required  for  maintenance  of  cell  proliferation  in 
cancer  cells.  Conversely,  ectopic  over-expression  of  GC  UNC-45  in  SKOV-3  cells 
increases  the  rate  of  cell  proliferation,  suggesting  that  GC  UNC-45  levels  may  be 
limiting  for  the  proliferation  of  SKOV-3  cells. 

Fligh  grade  ovarian  cancer  typically  invades  and  metastasizes  rapidly.  Metastasis  is 
associated  with  changes  in  cancer  cell  morphology  and  motility,  processes  regulated  by 
the  cytoskeleton  and  myosin  motors.  Myosin  II  is  an  important  determinant  of  force 
generation  in  cellular  motility  and  the  myosin  ll-specific  inhibitor  blebbistatin  inhibits 
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pancreatic  adenocarcinoma  cellular  invasiveness  (28).  Myosin  II  accumulates  at  the 
lamellipodia  leading  edges  in  cancer  cells  and  interacts  with  the  S100A4  metastasis 
factor  (29).  A  higher  level  of  GC  UNC-45  expression  was  observed  in  advanced  versus 
early  stage  disease  suggesting  a  hypothesis  that  elevated  GC  UNC-45  expression  may 
also  contribute  to  ovarian  cancer  metastasis  by  facilitating  myosin  II  assembly. 

UCS  proteins  act  in  concert  with  HSP90  to  chaperone  the  assembly  of  myosin  (30). 
Interestingly  the  HSP90  inhibitors  geldanamycin  and  its  analogues  are  active  against 
ovarian  cancer  (31-33),  and  inhibit  cytokinesis  in  model  organisms  (30).  However,  it  is 
important  to  note  that  HSP90  acts  as  a  chaperone  for  the  folding  of  many  proteins 
besides  the  myosins  and  these  agents  may  effect  other  cellular  functions  (34,  35). 

Thus,  future  study  is  required  to  determine  if  defects  in  GC-UNC-45  function  is  a 
consequence  of  Hsp90  inhibition  in  cancer  cells.  Regardless,  given  the  ubiquitous  role 
of  GC-UNC-45  and  myosin  function  in  cell  proliferation,  elevated  GC-UNC-45 
expression  may  be  important  in  ovarian  cancer  biology.  Finally,  GC-UNC-45  may 
represent  a  target  for  developing  drugs  to  slow  cancer  progression. 


(3,594  words) 
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Figure  Legends 

Figure  1.  Immunoprecipitation  and  identification  of  GC  UNC-45.  A.  Autologous  serum 
from  patient  JH514  bound  to  protein-G  immunoprecipitated  two  antigens  of  -lOOkDa 
and  ~200kDa  from  cell  lysates  of  JH-514  ovarian  cancer  cell  line  {insert panel).  Both 
antigens  were  subjected  to  tryptic  digestion  and  mass  spectrometry  analysis.  Shown  is 
the  mass  spectrum  derived  from  tryptic  digestion  of  -lOOkDa  band  corresponding  to  GC 
UNC-45.  B.  Levels  of  GC  UNC-45  transcripts  were  determined  relative  to  GAPDH  in 
JH51 4  primary  tumor  tissue  (JH51 4tt),  JH51 4  cell  line  (JH51 4cl)  and  1 5  additional 
primary  serous  carcinoma  specimens  (sc).  The  GC  UNC-45  transcript  levels  in  serous 
carcinoma  are  presented  relative  to  the  level  present  in  the  immortalized  ovarian 
surface  epithelial  cell  line  IOSE-29.  For  a  few  samples,  the  levels  of  GC  UNC-45 
transcripts  were  dramatically  higher  and  the  fold  increases  are  shown  in  parenthesis. 


Figure  2.  GC  UNC-45  expression  is  higher  maiignant  versus  benign  ovarian 
tumors.  A,  rabbit  antisera  to  6His-tagged  GC  UNC-45  full  length  antigen  {left panel), 
GC  UNC-45  peptide  {middle  panel)  or  GFP  {right  panel)  were  tested  by  immunoblot 
analysis  for  reactivity  to  6Flis-tagged  GC  UNC-45  purified  protein  and  cell  lysates  of 
293T  cells  transduced  with  control  vector  (pEGFP-CI)  or  pEGFP-CI-GC  UNC45 
expressing  GFP-tagged  GC  UNC-45  protein.  B,  lysate  of  samples  of  serous 
cystadenoma  (lanes  1-4)  and  serous  carcinoma  (lanes  5-10)  were  immunoblotted  using 
GC  UNC-45  peptide-specific  rabbit  antibody.  Equal  loading  was  verified  by  using  an 
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antibody  directed  against  p-actin.  C,  Ratio  between  GC  UNC-45  and  p-actin  in  tissue 
lysates  from  serous  cystadenoma  (4  cases)  and  serous  carcinoma  (6  cases).  **  P<0.02. 

Figure  3.  Immunohistochemical  staining  of  GC  UNC-45  in  ciinicai  specimens.  A, 

shown  are  representative  examples  of  intense  GC  UNC-45  staining  in  high  grade 
serous  carcinoma  (X40),  moderate  staining  intensity  in  low-grade  serous  carcinoma 
(X40)  and  weak  staining  intensity  in  benign  cyst  and  normal  ovarian  surface  epithelium 
(X40).  B,  staining  intensity  for  each  case  was  graded  as  0  (no  staining),  1  (weak 
staining),  2  (moderate  staining),  and  3  (intense  staining).  **,  P<0.02  statistical 
significance  in  staining  intensities  among  indicated  groups  (Mann-Whitney  U  test). 

Figure  4.  GC  UNC-45  over-expression  in  vitro  and  its  ceiiuiar  iocaiization. 

A,  lysates  of  Immortalized  Ovarian  Surface  Epithelial  cell  lines  (IOSE-29,  IOSE-386, 
IOSE-397)  and  ovarian  cancer  cell  lines  (SKOV-3,  OVCAR-3,  ES-2  and  JH-514)  were 
immunoblotted  with  anti-GC  UNC-45  peptide  rabbit  antibody.  Equal  loading  was  verified 
by  using  an  antibody  directed  against  p-actin.  B,  Ratio  between  GC  UNC-45  and  □- 
actin  in  tissue  lysates  from  lOSEs  and  ovarian  cancer  cell  lines,  **  P<0.02.  C, 
representative  immunofluorescence  image  of  SKOV-3  cells  ectopically  expressing 
either  pEGFP-CI  vector  alone  or  pEGFP-CI -tagged  GC  UNC-45  and  stained  with 
□API. 


Figure  5.  Effect  of  GC  UNC-45  expression  ieveis  on  ovarian  cancer  ceii 
proiiferation. 
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A,  proliferation  rate  of  SKOV-3  cells  ectopically  expressing  either  GFP  (pEGFP-CI 
vector  alone)  or  GFP  -tagged  GC  UNC-45  (pEGFP-CI-GC  UNC-45)  was  determined  by 
counting  the  number  of  fluorescent  cells  12,  24  and  36  hours  post  transfection.  ***, 
P<0.001 .  B,  proliferation  rate  of  SKOV-3  co-transfected  with  either  pEGFP-CI  and 
pcDNA3  or  pEGFP-CI  and  pcDNA3-GC  UNC-45  was  determined  by  counting  the 
number  of  fluorescent  cells  12,  24  and  36  hours  post  transfection.  ***,  P<0.001 .  C,  the 
efficiency  of  GC  UNC-45  knockdown  in  ES-2  cells  transduced  with  one  of  two  different 
GC  UNC-45  siRNA  oligomers  (GC  UNC-45-siRNA-1 ,  -2)  or  with  nonsilencing  siRNA 
(neg.  control-siRNA)  at  the  indicated  concentration  was  tested  by  immunoblot  analysis 
at  48  hours  post-transfection.  Equal  loading  was  verified  by  using  an  antibody  directed 
against  p-actin.  D,  proliferation  rate  of  ES-2  cell  line  transfected  with  either  nonsilencing 
siRNA,  GC  UNC-45-siRNA-1  or  GC  UNC-45-siRNA-2,  was  measured  by  XTT  assay 
starting  from  12  hours  post  transfection.  Results  are  expressed  in  terms  of  daily 
proliferation  rate.  **P<0.02,  ***P<0.001. 

Figure  6.  Effect  of  GC  UNC-45  knock-down  on  myosin  ieveis. 

A-C.  GC-UNC-45  transfected  SKOV-3  cells  were  stained  with  the  DNA  stain  DAPI  (Al , 
B1,  Cl),  anti-myosin  V  (A3),  anti-myosin  II  (B2,  C2)  and  ant-GC  UNC-45  peptide 
antibody  (A2,  B2,  C2).  Staining  for  DNA  is  blue,  myosin  is  red  and  GC  UNC-45  is  green. 
Merged  immunofluoresence  images  are  presented  (A4,  B4,  C4).  D.  The  cellular 
localization  of  GC  UNC-45  only  partially  overlaps  myosin  V  (A).  In  particular,  while 
significant  myosin  V  staining  is  present  over  the  nuclei,  very  little  GC  UNC-45  is  present 
over  the  nuclei.  In  contrast,  there  is  a  significant  and  robust  colocalization  of  GC  UNC- 
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45  with  myosin  II  in  interphase  (B)  and  mitotic  cells  (C).  Lysate  of  negative  control 
siRNA  or  GC  UNC-45-siRNA-1  treated  ES-2  cells  for  the  time  indicated  was 
immunoblotted  with  antibodies  against  Myosin  II,  Myosin  V  or  Myosin  VI.  Equal  protein 
loading  was  verified  by  using  an  antibody  directed  against  p-actin. 
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SUPPLEMENTARY  DATA 


Supplemental  Table  1.  Expected  and  observed  M/z  for  peptides  of  GC  UNC-45  and 
the  -lOOkDa  antigen.  Matched  peptides  cover  12%  of  the  GC  UNC-45  protein. 


M/z 

submitted 

MH+ 

matched 

ADa 

Missed 

cleavages 

Database  Sequence 

523.2691 

523.2186 

0.050 

0 

(K)CSEK(D) 

562.2315 

562.3201 

-0.089 

1 

(K)GTEKK(Q) 

1074.6897 

1074.5618 

0.13 

1 

(R)CVSLEPKNK(V) 

1179.6649 

1179.5618 

0.085 

0 

(K)SWFEGQGLAGK(L) 

1186.7039 

1186.5414 

0.16 

0/1  Met-ox 

(K)LGSAGGTDFSMK(Q) 

1287.7267 

1287.7749 

-0.048 

1 

(R)TVATLSILGTRR(V) 

1320.6865 

1320.7527 

-0.066 

0 

(R)ASFITANGVSLLK(D) 

1661.9771 

1661.8606 

0.12 

0 

(R)LLDMGETDLMLAALR(T) 

1677.9307 

1677.8556 

0.075 

0/1  Met-ox 

(R)LLDMGETDLMLAALR(T) 

1693.9454 

1693.8505 

0.095 

0/2Met-ox 

(R)LLDMGETDLMLAALR(T) 

1797.9774 

1797.9063 

0.071 

0 

(R)WAVEGLAYLTFDADVK(E) 

2225.2600 

2225.1119 

0.15 

0 

(R)EIASTLMESEMMEILSVLAK(G) 

2273.2726 

2273.0966 

0.18 

0/3Met-ox 

(R)EIASTLMESEMMEILSVLAK(G) 

Supplemental  Figures  1  and  2.  Confocal  immunofluorescence  micrograph  showing 
localization  of  GC  UNC-45  (green),  Myosin  II  (red)  and  DNA  staining  with  DAPI  (blue). 
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Abstract 

The  ubiquitin-proteasome  system  (UPS)  mediates  targeted 
protein  degradation.  Notably,  the  UPS  determines  levels  of  key 
checkpoint  proteins  controlling  apoptosis  and  proliferation 
by  controlling  protein  half-life.  Herein,  we  show  that  ovarian 
carcinoma  manifests  an  overstressed  UPS  by  comparison  with 
normal  tissues  by  accumulation  of  ubiquitinated  proteins 
despite  elevated  proteasome  levels.  Elevated  levels  of  total 
ubiquitinated  proteins  and  19S  and  20S  proteasome  subunits 
are  evident  in  both  low-grade  and  high-grade  ovarian  carci¬ 
noma  tissues  relative  to  benign  ovarian  tumors  and  in  ovarian 
carcinoma  cell  lines  relative  to  immortalized  surface  epithe¬ 
lium.  We  hud  that  ovarian  carcinoma  cell  lines  exhibit  greater 
sensitivity  to  apoptosis  in  response  to  proteasome  inhibitors 
than  immortalized  ovarian  surface  epithelial  cells.  This  sensi¬ 
tivity  correlates  with  increased  cellular  proliferation  rate 
and  UPS  stress  rather  than  absolute  proteasome  levels. 
Proteasomal  inhibition  in  vitro  induces  cell  cycle  arrest  and 
the  accumulation  of  p21  and  p27  and  triggers  apoptosis  via 
activation  of  caspase-3.  Furthermore,  treatment  with  the 
licensed  proteasome  inhibitor  PS-341  slows  the  growth  of 
ES-2  ovarian  carcinoma  xenograft  in  immunodellcient  mice. 
In  sum,  elevated  proliferation  and  metabolic  rate  resulting 
from  malignant  transformation  of  the  epithelium  stresses 
the  UPS  and  renders  ovarian  carcinoma  more  sensitive  to 
apoptosis  in  response  to  proteasomal  inhibition.  (Cancer  Res 
2006;  66(7):  3754-63) 

Introduction 

The  ubiquitin-proteasome  system  (UPS)  is  responsible  for  >80% 
of  the  intracellular  protein  degradation  in  eukaryotes  and  has  two 
components:  the  ubiquitin-conjugating  system  and  the  26S 
proteasome  (1).  The  UPS  catabolic  machinery  is  located  in  the 
26S  proteasome,  which  consists  of  a  20S  catalytic  core  that 
degrades  ubiquitinated  protein,  and  two  19S  regulatory  subunits 
that  regulate  the  entrance  of  the  targeted  substrates  into  the 
core.  Tight  regulation  of  UPS-mediated  proteolysis  is  maintained  to 
control  half-lives  of  proteins  involved  in  cell  cycle  regulation, 
transcriptional  control,  antigen  processing,  angiogenesis,  and 
removal  of  incorrectly  folded  or  damaged  proteins  (2). 

Despite  evidence  that  dysregulation  of  the  catalytic  processes 
mediated  by  the  UPS  system  is  associated  with  tumorigenesis. 
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tumor  progression,  and  drug  resistance,  the  relationship  between 
proteasome  expression  and  cancer  progression  is  stiU  poorly 
understood.  Indeed,  whereas  proteasome  down-regulation  has 
been  described  in  solid  tumors,  abnormally  high  proteasome  levels 
have  been  observed  in  hematopoietic  tumor  cells.  In  addition  to 
the  proteasome,  ubiquitin-specific  proteases  may  be  overexpressed 
in  several  cancer  and  transformed  cell  lines  (3). 

Consistent  with  a  greater  requirement  for  proteasomal  function 
in  cancer  cells  and  other  rapidly  proliferating  cells,  proteasomal 
inhibition  causes  increased  cell  death  in  lymphoma  cell  lines  when 
compared  with  normal  lymphoblasts  (4).  Further,  rapidly  prolifer¬ 
ating  cells,  such  as  embryonic  endothelial  cells,  are  extremely 
sensitive  to  apoptosis  induced  by  proteasomal  inhibition  (5).  These 
observations  suggest  that  rapidly  proliferating  cells,  particularly 
cancer  cells,  have  a  greater  requirement  for  proteasomal  activity 
than  their  normal  counterpart.  The  evidence  linking  the  prolifer¬ 
ative  status  of  a  particular  cell  with  sensitivity  to  proteasomal 
inhibition  indicates  that  the  proteasome  represents  a  promising 
target  for  cancer  therapy.  Currently,  a  proteasome  inhibitor  PS-341 
(bortezomib,  Velcade)  is  undergoing  clinical  testing  for  treatment 
of  several  tumors  and  has  been  Food  and  Drug  Administration 
approved  for  treatment  of  multiple  myeloma  (6-14). 

Better  treatments  for  ovarian  cancer  are  urgently  needed.  Despite 
the  ubiquitous  nature  of  proteasome  function  and  the  potential  of 
proteasome  chemotherapy  in  a  variety  of  tumors,  it  is  currently 
unknown  whether  abnormalities  in  UPS  system  and  elevated 
sensitivity  to  proteasomal  inhibition  are  associated  with  epithelial 
ovarian  cancer.  Our  findings  herein  show  that  ovarian  cancer  cells 
are  under  significant  UPS  stress  and  suggest  that  proteasome 
inhibitors  may  have  utility  in  the  treatment  of  ovarian  cancer. 

Materials  and  Methods 

Animals.  Six-week-old  female  immunodeficient  BNX  (beige  nude  xid) 
mice  were  obtained  from  National  Cancer  Institute-Frederick  (Frederick, 
MD)  and  maintained  in  a  pathogen-free  animal  facility  at  least  1  week 
before  use.  All  animal  studies  were  done  in  accordance  with  institutional 
guidelines. 

Cell  culture.  IOSE-29  and  IOSE-397  ceU  lines  were  kindly  provided  by 
Nelly  Auesperg  (University  of  British  Columbia,  Vancouver,  British 
Columbia,  Canada)  and  cultured  in  Medium  199  and  MCDB105  (1:1)  with 
10%  fetal  bovine  serum  and  50  pg/mL  gentamicin.  10SE-2Ap2  and  IOSE-4p2 
were  kindly  provided  by  Hidetaka  Katabuchi  (Kumamoto  University  School 
of  Medicine,  Kumamoto,  Japan).  OVCAR-3,  ES-2,  and  SKOV-3  ceU  lines 
were  obtained  from  American  Type  Culture  Collection  (Manassas,  VA)  and 
cultured  according  to  their  specifications.  MOSEC  cells  were  kindly 
provided  by  Dr.  Katherine  F.  Roby  (University  of  Kansas,  Kansas  City,  KS; 
ref.  15).  Unless  otherwise  specified,  ceU  lines  were  maintained  in  DMEM 
supplemented  with  10%  FCS,  100  lU/mL  peniciUin,  and  100  pg/mL 
streptomycin  at  5%  CO2. 

Drugs.  The  proteasome  inhibitors  MG132  and  epoxomicin  were 
purchased  from  Affiniti  Research  Products  Ltd.  (Exeter,  United  Kingdom) 
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and  dissolved  in  DMSO.  The  proteasome  inhibitor  PS-341  (Millenium 
Pharmaceuticals,  Inc.,  Cambridge,  MA)  mixed  with  mannitol  was  dissolved 
in  0.9%  NaCl  at  the  appropriate  concentration  before  each  drug  injection. 

Xenograft  murine  model.  Mice  were  inoculated  s.c.  into  the  right  flank 
with  1  X  10^  ES-2  cells  in  100  pL  DMEM.  When  tumor  was  measurable, 
mice  were  randomly  assigned  into  two  groups  receiving  PS-341  or  0.9% 
saline.  Treatment  with  PS-341  was  given  i.v.  twice  weekly  via  tail  vein 
at  1  mg/kg  PS-341.  The  control  group  received  the  vehicle  alone  at  the 
same  schedule.  Caliper  measurements  of  the  longest  perpendicular  tumor 
diameters  were  done  every  2  days  to  estimate  the  tumor  volume  (mean  ± 
SE;  mm^),  using  the  following  formula:  Ttt  /  3  x  (width  /  2)^  x  (length  /  2), 
representing  the  three-dimensional  volume  of  an  ellipse.  Animals  were 
sacrificed  when  their  tumors  reached  2  cm. 

Cell  viability  assay.  CeU  viability  was  determined  by  2,3-bis[2-methoxy- 

4- nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide  inner  salt  (XTT) 
assay  (Roche  Diagnostics  GmbH,  Mannheim,  Germany).  Cells  seeded  at 
the  concentration  of  1,000  per  well  in  100  pL  medium  in  96-well  plate  were 
treated  with  proteasome  inhibitors  at  specified  concentrations.  After  the 
indicated  periods,  cells  were  incubated  according  to  the  manufacturer’s 
protocol  with  the  XTT  labeling  mixture  for  4  hours.  Formazan  dye  was 
quantified  using  a  spectrophotometric  plate  reader  to  measure  the 
absorbance  at  405  nm  (ELISA  reader  190;  Molecular  Devices,  Sunnyvale, 
CA).  All  experiments  were  done  in  triplicate. 

Rate  of  proliferation.  Cell  lines  were  seeded  at  a  density  of  5,000  cells 
per  well  (12-well  plate)  under  the  specified  culturing  conditions.  At  the 
indicated  time  points,  cells  were  trypsinized  and  counted  in  a  hemocy- 
tometer  in  the  presence  of  trypan  blue  to  exclude  dead  cells.  Proliferation 
rate  was  determined  from  the  steepest  slope. 

Antibodies  and  Western  blot  analysis.  We  used  the  following  reagents 
for  detection  with  standard  Western  blot  analysis  techniques  at  the 
concentration  recommended  by  the  manufacturer:  anti-19S  subunit  Rpt4, 
HC9  anti-proteasomal  subunit  a3,  rabbit  polyclonal  antibody  to  human  20S 
proteasome  subunit  ^5,  and  rabbit  polyclonal  antibody  to  human  20S 
proteasome  subunit  ^4  (Affmiti  Research  Products);  anti-ubiquitin  (clone 

5- 25;  Signet,  Dedham,  MA);  anti-p2l'^^^  and  anti-p27*^^^  (BD  Biosciences, 
San  Diego,  CA);  anti-(3-actin  (Sigma,  St.  Louis,  MO);  and  peroxidase-linked 
anti-rabbit  or  anti-mouse  IgG  (Amersham,  Piscataway,  NJ). 

Flow  cytometry.  Cell  cycle  status  was  analyzed  with  a  FACSCalibur  flow 
cytometer  (Becton  Dickinson,  San  Diego,  CA)  by  measuring  fluorescence 
from  cells  stained  with  propidium  iodide  (PI;  Sigma).  For  Annexin  V 
experiments,  cells  were  treated  for  indicated  amount  of  time,  harvested,  and 
immediately  stained  for  Annexin  V/FITC  (BD  PharMingen,  San  Diego,  CA) 
and  PI  according  to  the  protocol  provided  by  the  manufacturer. 

Caspase-3  activity  assay.  Caspase-3-like  activity  assay  was  done  with 
the  colorimetric  substrate  Ac-Asp-Glu-Val-Asp-p-nitroaniline  (Ac-DEVD- 
pNA)  in  accordance  with  the  protocol  supplied  by  the  manufacturer 
(Chemicon  International,  Temecula,  CA).  To  determine  the  specificity  of  the 
caspase-3  activity,  the  caspase-3-specific  inhibitor  Ac-DEVD-CMK  was 
added  to  the  assay  mixture.  To  determine  caspase-like  activity,  the  pan- 
caspase  inhibitor  Z-VAD-CMK  was  incubated  together  with  proteasome 
inhibitors  and  the  cell  viability  was  then  tested.  All  the  experiments  were 
conducted  in  triplicates. 

Terminal  deoxynucleotidyl  transferase-mediated  dUTP  nick  end 
labeling  assay.  Paraffin-embedded  tissue  sections  were  processed  for 
terminal  deoxynucleotidyl  transferase-mediated  dUTP  nick  end  labeling 
(TUNEL)  using  an  established  method  to  assay  for  cell  death-associated 
DNA  double-strand  breaks  (16). 

Immunohistochemical  analysis.  Immunohistochemical  analyses  of 
human  tissues  were  done  with  the  approval  of  The  Johns  Hopkins 
University  Institutional  Review  Board.  Sections  of  a  microarray  (3-4  pm)  of 
paraffin-embedded  tissues  were  used  for  immunohistochemistry.  The 
tissue  microarray  was  deparaffmized  in  fresh  xylenes  and  rehydrated 
through  sequential  graded  ethanol  steps.  Antigen  retrieval  was  done  by 
citrate  buffer  incubation  [18  mmol/L  citric  acid,  8  mmol/L  sodium  citrate 
(pH  6)]  using  a  household  vegetable  steamer  (Black  &:  Decker,  Shelton, 
CT)  for  60  minutes.  The  microarray  was  incubated  for  5  minutes  with 
3%  H2O2,  washed  in  20  mmol/L  Tris,  140  mmol/L  NaCl,  and  0.1%  Tween 


20  (pH  7.6),  and  incubated  with  the  mouse  monoclonal  antibody  to  20S 
proteasome  subunit  a4  HC6  (Affiniti  Research  Products)  diluted  1:250  for 
60  minutes  at  room  temperature.  The  avidin-biotin-peroxidase  complex 
method  from  DAKO  (Glostrup,  Denmark)  was  used  to  visualize  antibody 
binding,  and  the  tissues  were  counterstained  with  hematoxylin.  For 
immunohistochemical  analyses  of  mouse  tissues,  tumors  from  mice  were 
excised,  fixed  in  10%  neutral  buffered  formalin,  and  embedded  in  paraffin 
according  to  standard  histologic  procedures.  For  microvessel  density 
(MVD)  assay,  10-pm  frozen  sections  were  briefly  fixed  in  acetone  and 
immunohistochemically  stained  for  mouse  CD34  expression.  MVD  was 
determined  by  light  microscopy.  Neovascularized  areas  were  identified  by 
scanning  tumor  sections  at  low-power  magnification  (x40)  and  then 
counted  at  high-power  magnification  (x200).  Five  separate  x200  field 
were  analyzed  per  each  condition. 

Results 

Proteasomal  overexpression  is  associated  with  ovarian 
cancer  cells  in  vivo  and  in  vitro.  It  has  been  reported  that 
proteasomes  are  expressed  at  abnormally  high  levels  in  various 
hematopoietic  tumor  cells,  including  leukemic  cells  (17,  18).  We 
sought  to  determine  whether  the  link  between  proteasomal 
overexpression  and  malignant  transformation  is  restricted  to 
hematologic  tumors  or  it  can  be  expanded  to  other  tumor 
malignances,  particularly  ovarian  carcinoma.  Therefore,  we  exam¬ 
ined  whether  increase  in  proteasomal  levels  could  be  documented 
in  ovarian  tumors  compared  with  normal  surface  epithelium.  The 
expression  pattern  of  the  20S  proteasome  was  assessed  in 
specimens  of  benign  adenofibroma,  low-grade  ovarian  carcinomas, 
and  high-grade  ovarian  carcinomas  by  immunocytochemical 
analysis.  The  results  showed  that  cells  of  both  low-grade  and 
high-grade  serous  carcinomas  are  associated  with  more  robust  20S 
proteasome  (anti-a4)  staining  than  the  ovarian  surface  epithelial 
cells  in  serous  adenofibroma  (Fig.  lA).  A  semiquantitative  analysis 
of  the  staining  intensity  is  given  in  Fig.  IB.  Although  the  20S 
staining  was  slightly  slower  in  low-grade  compared  with  high-grade 
serous  carcinoma,  this  difference  did  not  reach  statistical 
significance.  Several  other  20S  proteasomal  subunits  were  found 
to  be  similarly  up-regulated  in  malignant  versus  benign  tumors 
(data  not  shown),  suggesting  that  this  phenomenon  is  not 
restricted  to  the  a3  subunit.  Consistent  with  the  immunocyto¬ 
chemical  study,  semiquantitative  immunoblot  analyses  showed 
that  both  low-grade  and  high-grade  serous  carcinomas  are 
associated  with  the  significantly  [P  <  0.02)  higher  relative  levels 
of  20S  and  19S  proteasomal  subunits  when  compared  with  benign 
cystadenoma  (Supplementary  Fig.  SIA).  A  semiquantitative  anal¬ 
ysis  of  the  ratio  between  26S  proteasome  and  actin  in  vivo  is  given 
in  Fig.  1C.  Again,  the  proteasomal  subunit  levels  were  lower  in  low- 
grade  versus  high-grade  serous  carcinoma,  but  the  difference  was 
not  statistically  significant. 

To  establish  a  suitable  in  vitro  model  for  investigating  the 
biological  significance  of  proteasomal  levels  in  ovarian  cancer, 
we  tested  if  the  trend  of  proteasomal  overexpression  occurred  in 
ovarian  cancer  cell  lines  compared  with  immortalized,  but  not 
tumorigenic,  surface  epithelial  cells  (lOSE).  A  panel  of  lOSEs 
(IOSE-29,  IOSE-397,  IOSE-4p2,  and  IOSE-2Ap2)  and  ovarian  cancer 
ceh  lines  (OVCAR-3,  SKOV-3,  and  ES-2)  and  a  new  murine  model 
of  epithelial  ovarian  cancer  (MOSEC)  was  tested  for  the 
expression  of  19S  and  20S  proteasome  subunits.  In  line  with 
the  in  vivo  prohle  of  proteasome  expression,  all  the  ovarian 
cancer  cell  lines  tested  show  considerably  higher  levels  of  20S  and 
19S  proteasome  subunits  when  compared  with  lOSE  (Supplemen¬ 
tary  Eig.  SIB).  A  semiquantitative  analysis  of  the  ratio  between 
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Figure  1.  In  vivo  and  in  vitro  proteasomal  overexpression  in  ovarian  carcinoma.  A,  immunohistochemical  staining  of  a4  subunit  of  20S  proteasome  in  ovarian  tumors. 
Representative  examples  of  intense  20S  staining  in  serous  high-grade  (x40)  and  iow-grade  {x40)  ovarian  carcinomas  and  weaker  staining  in  serous  adenofibroma 
(xloo).  B,  staining  intensity  for  each  case  was  graded  as  0  (no  staining),  1  (weak  staining),  2  (moderate  staining),  and  3  (intense  staining).  **,  P  <  0.02, 
statistical  significance  in  staining  intensities  among  indicated  groups  (Mann-Whitney  U  test).  C,  tissue  lysates  were  immunobiotted  with  an  antibody  recognizing 
subunits  of  the  19S  or  20S  proteasome.  Ratio  between  26S  proteasome  (a3  and  Rpt4  subunits)  and  p-actin  in  tissue  lysates  from  serous  cystadenoma  (10  cases) 
and  low-grade  serous  ovarian  carcinoma  (8  cases)  or  high-grade  serous  ovarian  carcinoma  (10  cases).  **,  P  <  0.02.  D,  ratio  between  26S  proteasome  (p4  and 
Rpt4  subunits)  and  p-actin  in  cell  lysates  of  lOSEs  (IOSE-29,  IOSE-397,  IOSE-4p2,  and  IOSE-2Ap2)  and  ovarian  cancer  cell  lines  (ES-2,  SKOV-3,  MOSEC, 
and  OVCAR-3). 


26S  proteasome  and  actin  in  lOSEs  and  ovarian  cancer  cell  lines 
is  given  in  Fig.  ID. 

In  vivo  and  in  vitro  evidence  of  UPS  stress  in  ovarian  cancer. 

The  UPS  system  is  responsible  for  the  degradation  of  polyubiquiti- 
nated  proteins  within  the  cells  (1).  Because  ovarian  cancer  cells 
express  abnormally  high  levels  of  26S  proteasome  in  vivo  and 
in  vitro,  we  next  asked  whether  alteration  in  the  levels  of 
polyubiquitinated  proteins  is  associated  with  proteasomal  over¬ 
expression.  Immunoblot  analysis  of  polyubiquitinated  protein 
expression  in  serous  cystadenoma  (10  cases)  and  low-grade 
(8  cases)  and  high-grade  (10  cases)  serous  carcinomas  revealed 
that  ovarian  cancer  cells  of  both  low-grade  and  high-grade  serous 
carcinomas  are  associated  with  more  robust  anti-ubiquitin  staining 
than  epithelial  cells  of  serous  cystadenoma  (Fig.  2d).  A  semiquan- 
titative  analysis  of  the  polyubiquitinated  protein  levels  show 
that  the  actin-normalized  levels  of  polyubiquitinated  proteins  are 
~  2-  to  3-fold  higher  in  malignant  tumors  compared  with 
cystadenoma  (Fig.  2B).  Consistent  with  these  in  vivo  findings, 
immunoblot  analysis  of  lOSFs  (IOSF-29,  IOSF-397,  IOSF-4p2,  and 
IOSF-2Ap2)  and  ovarian  cancer  cell  lines  (OVCAR-3-3,  MOSFC, 
SKOV-3,  and  FS-2)  revealed  that  polyubiquitinated  proteins  are 


present  at  significantly  higher  levels  (P  <  0.02)  in  cancer  cell  lines 
versus  their  immortalized  but  nontumorigenic  ovarian  surface 
epithelial  cell  lines  (Fig.  2C).  A  representative  example  of 
immunoblot  analysis  of  polyubiquitinated  in  lOSFs  and  ovarian 
cancer  cell  fines  in  given  in  Fig.  2D.  Thus,  despite  the  increase  in 
proteasomal  levels,  ovarian  cancer  cells  accumulate  more  poly- 
ubiquitinated  proteins.  Taken  together,  these  results  suggest  that 
ovarian  cancer  cells  are  under  greater  UPS  stress  than  their  normal 
counterpart. 

Proteasomal  inhibition  indnces  G2-M  cell  cycle  arrest  and 
caspase-mediated  apoptosis  in  ovarian  cancer  cell  lines.  The 

higher  demand  for  proteasomal  activity  in  ovarian  cancer  cell  fines 
versus  their  nontransformed  counterpart  may  render  the  cells 
more  sensitive  to  proteasomal  inhibition.  To  test  this  hypothesis, 
we  compared  the  effect  of  the  proteasome  inhibitors  MG132  and 
epoxomicin  on  the  panels  of  lOSFs  (lOSF-29,  lOSF-397,  10SF-4p2, 
and  IOSF-2ap2)  and  ovarian  cancer  cell  fines  (OVCAR-3,  SKOV-3, 
FS-2,  and  JH-514,  which  is  derived  from  a  low-grade  serous 
carcinoma  and  the  mouse  ovarian  cancer  model  MOSFC).  Both 
MG132  and  epoxomicin  (Fig.  3A,  left  and  right,  respectively) 
diminished  cell  viability  of  ovarian  cancer  cell  fines  by  24  hours  of 
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Figure  2.  UPS  stress  in  ovarian  cancer. 
/4,  level  of  ubiquitinated  proteins  was 
evaluated  in  lysate  from  clinical  specimens 
of  serous  cysfadenoma  (10  cases;  lanes  1 
and  2),  low-grade  serous  ovarian 
carcinoma  (8  cases;  lanes  3  and  4),  or 
high-grade  serous  ovarian  carcinoma 
{10  cases;  lanes  5  and  6).  B,  rafio  befween 
ubiquitinafed  profeins  in  clinical  specimens 
and  p-actin.  **,  P  <  0.02.  C,  ratio 
between  ubiquitinated  proteins  and  actin 
was  evaluated  in  lysate  of  lOSEs 
(IOSE-29,  IOSE-397,  IOSE-4p2,  and 
IOSE-2Ap2)  and  ovarian  cancer  cell  lines 
(SKOV-3,  ES-2,  MOSEC,  and  OVCAR-3). 
",  P  <  0.02.  D,  represenfative  immunoblof 
using  lysafe  from  lOSEs  (IOSE-29, 
IOSE-397,  IOSE-4p2,  and  IOSE-2Ap2) 
and  ovarian  cancer  cell  lines  (OVCAR-3, 
MOSEC,  SKOV-3,  and  ES-2)  wifh  an 
anfibody  recognizing  conjugated  ubiquitin. 


treatment  in  a  dose-dependent  manner.  In  contrast,  the  lOSEs  were 
resistant  to  high  concentrations  of  both  MG132  and  epoxomicin 
(Fig.  3A,  left  and  right,  respectively). 

The  UPS  modulates  levels  of  key  cell  cycle  regulatory  proteins 
whose  dysregulation  is  expected  to  affect  the  cell  cycle  and  viability 
(19,  20).  To  test  whether  the  reduced  cell  viability  of  ovarian 
cancer  cell  lines  is  associated  with  cell  cycle  dysregulation,  ES-2 
cells  were  incubated  for  various  times  with  the  proteasome 
inhibitor  MG- 132  and  the  cell  cycle  status  was  analyzed  by  flow 
cytometry  after  staining  with  PI.  After  24-hour  incubation  with 
MG132,  the  percentage  of  cells  in  Gq-Gi  phase  was  reduced  by 
nearly  half  compared  with  control,  with  the  treated  cells 
accumulating  in  S  and  G2-M  (Fig.  3S,  left  and  right,  respectively). 
To  investigate  the  fate  of  the  cells  accumulated  in  G2-M  following 
proteasomal  inhibition,  we  analyzed  them  by  flow  cjTometric 
after  staining  with  Annexin  V.  Annexin  V  protein  specifically  binds 
phosphatidylserine;  this  phospholipid  is  normally  localized  on  the 
inner  leaflet  of  the  plasma  membrane  but  flips  to  the  outer  leaflet 
during  early  apoptotic  signaling  (21).  As  shown  in  Supplementary 
Fig.  SIC,  treatment  with  20  pmol/L  MG132  for  8  hours  results  in 
an  increase  in  Annexin  V  staining  cells  (4.8%  in  control  versus 
35.5%  in  MG132-treated).  Similarly,  the  fraction  of  cells  taking  up 
PI,  a  feature  of  both  advanced  apoptosis  and  necrosis,  is  elevated 
from  6.5%  in  control  to  22.4%  in  treated  cells.  These  findings 
support  our  hypothesis  that  proteasomal  inhibition  triggers 
apoptosis  in  ovarian  cancer  cells. 

Progression  through  the  phases  of  cell  cycle  is  regulated  by 
periodic  activation  of  several  cyclin-dependent  kinases  (CDK) 
whose  levels  are  controlled  through  ubiquitination  and  proteaso¬ 
mal  degradation  (20,  22,  23).  In  particular,  levels  of  CDK  inhibitors 
(CDKI)  p2l''™’^  and  p27“’’*  have  been  shown  previously  to  be 


dysregulated  following  proteasomal  inhibition  (24-28).  Western 
blot  analysis  of  the  levels  of  p2l'™'*  and  p27’^’’^  in  ovarian 
cancer  cell  lines  (ES-2)  following  MG- 132  treatment  revealed  an 
accumulation  of  both  p2l'™^^  and  p27’^'’'  starting  at  16  hours 
after  inhibition.  These  data  suggest  a  role  for  p2l'^^^  and  p27^’’^ 
in  blocking  the  G2-M  transition  of  the  cells  after  proteasomal 
inhibition.  The  induction  of  p2l'®'^^  and  apoptosis  on  proteaso¬ 
mal  inhibition  suggested  a  possible  role  for  p53  in  apoptosis. 
To  address  this  possibility,  we  explored  the  relative  levels  of  the 
19S  and  20S  proteasome  subunits  in  serous  carcinoma  specimens 
with  wild-type  and  mutant  p53.  A  similar  elevation  in  proteaso¬ 
mal  subunit  levels  was  observed  between  these  serous  carcinoma 
specimens  with  respect  to  serous  cystadenoma  (Supplementary 
Fig.  S2A  and  B).  Similarly,  there  was  no  significant  difference  in 
the  levels  of  polyubiquitinated  proteins  in  p53  wild-type  versus 
mutant  serous  carcinoma  specimens,  although  both  were  elevated 
with  respect  to  serous  cystadenoma  specimens  (Supplementary 
Fig.  S2C  and  D).  Finally,  three  ovarian  cancer  cell  lines  bearing 
wild-type  p53  exhibited  similar  proliferation  rates  and  sensitivity 
to  proteasomal  inhibition-induced  apoptosis  as  three  lines 
bearing  null  or  mutated  p53  (Supplementary  Fig.  S2E  and  F). 
Taken  together,  these  findings  suggest  that  cell  death  induced  by 
proteasomal  inhibition  occurs  independently  of  p53  mutation 
status. 

Furthermore,  cleavage  products  of  both  CDKIs  p21  and  p27 
(19-  and  22-kDa  bands,  respectively)  were  also  detected  in  ES-2  cell 
lysate  collected  24  hours  after  addition  of  the  proteasome  inhibitor 
MG132,  suggesting  caspase-3  activation  as  the  apoptotic  mecha¬ 
nism  associated  with  the  decrease  in  cell  viability  (Fig.  3C;  ref  20). 

To  confirm  that  activation  of  caspase-3  was  induced  by 
proteasome  inhibitors,  subconfluent  ES-2  cells  were  treated  for  up 
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to  24  hours  with  20  |a,mol/L  MG132  or  1  |a,mol/L  epoxomicin  and  the 
caspase-3  activity  was  evaluated  by  measuring  the  cleavage  of  the 
caspase-3-specific  substrate  Ac-DEVD-pNA.  Proteolytic  activity  for 
the  caspase-3-specific  substrate  was  detected  in  ES-2  cell  lysate 
starting  at  16  hours  after  addition  of  proteasome  inhibitors, 
increasing  ~  10-fold  by  24  hours  of  treatment  (Fig.  3D,  left).  To 
determine  whether  caspase-3  activation  was  entirely  responsible  for 
proteasome  inhibitor-induced  cell  death,  caspase-3-specific  (Ac- 
DEVD-CMK)  and  pan-caspase  (Z-VAD-CMK)  inhibitors  were  tested. 
Whereas  pan-caspase  inhibition  results  in  almost  complete 
protection,  caspase-3  inhibition  provides  only  partial  protection 
from  cell  death  in  the  presence  of  MG132  or  epoxomicin.  This  result 
indicated  that  although  proteasomal  inhibition  caused  cell  death  via 
activation  of  caspases  there  may  be  more  than  one  effector  caspase 
involved  (Fig.  3D,  right). 


Proteasomal  sensitivity  is  dependent  on  proliferation  rate 
and  UPS  stress.  A  correlation  between  proliferation  rate  and 
proteasome  inhibitor-mediated  apoptosis  has  been  shown  previ¬ 
ously  in  rapidly  proliferating  leukemic  and  endothelial  cells  versus 
their  quiescent  counterparts  (4,  5,  9,  26,  29).  Thus,  we  hypothesized 
that  the  differential  effect  in  terms  of  cell  viability  following 
proteasomal  inhibition  may  be  associated  with  the  greater 
proliferation  rates  of  ovarian  cancer  cell  lines  versus  the  lOSE 
counterpart.  To  test  this  hypothesis,  we  examined  whether  the 
previously  characterized  lOSEs  and  ovarian  cancer  cell  lines 
proliferate  at  different  rates.  Consistent  with  their  greater 
sensitivity  to  proteasome  inhibitor-induced  cell  death,  the 
proliferation  rate  of  ovarian  cancer  cell  lines  was  significantly 
(P  <  0.02)  higher  than  in  lOSEs  (Fig.  4A).  To  exclude  that 
the  difference  in  sensitivity  was  a  cell  type-dependent  effect  and  to 
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Figure  3.  Proteasomal  inhibition  induces  G2-M  cell  cycle  arrest  and  caspase-mediated  apoptosis  in  ovarian  cancer  cell  lines.  A,  dose-dependent  inhibition  of  the  cell 
viability  of  ovarian  cancer  cell  lines  and  lOSEs  using  proteasome  inhibitors.  Cell  viability  was  measured  by  XTT  assay  after  culturing  the  cells  for  24  hours  in 
presence  of  MG132  (left)  or  epoxomicin  (right)  at  the  concentrations  indicated.  Percentage  of  viable  cells  relative  to  mock-treated  controls.  B,  cell  cycle  distribution  of 
ES-2  cells,  either  mock  treated  (te/f)  or  treated  with  20|jmol/L  MG132  (right)  tor  24  hours,  was  evaluated  by  PI  staining  and  flow  cytometric  analysis.  Percentage  Gi  phase 
(Ml),  S  phase  (M2),  and  G2-M  phase  (M3).  C,  lysate  of  ES-2  cells  that  had  been  treated  with  20pmol/L  MG1 32  for  the  time  indicated  was  immunoblotted  with  antibodies 
recognizing  p21  and  p27  and  their  corresponding  cleavage  products.  Equal  protein  loading  was  verified  by  using  an  antibody  directed  against  p-actin.  D,  ES-2  cells 
were  treated  for  8,  16,  or  24  hours  (1-3,  respectively)  in  the  presence  of  MG132  (20  pmol/L)  or  epoxomicin  (5  pmol/L)  and  the  caspase-3  activity  was  then  evaluated  by 
measuring  the  cleavage  of  the  caspase-3-specific  substrate  Ac-DEVD-pNA  (left).  Fold  increase  caspase-3  activity  relative  to  control.  **,  P  <  0.02.  Right,  ES-2  cells  were 
treated  for  24  hours  with  20  pmol/L  MG132  or  5  pmol/L  epoxomicin  alone  (column  1)  in  the  presence  of  caspase-3-specific  inhibitor  Ac-DEVD-CMK  (column  2)  or 
pan-caspase  inhibitor  Z-VAD-CMK  (co/umrr  3)  andthecell  viability  was  then  tested  by  XTT  assay.  Percentage  of  viable  cells  relative  to  mock  treated  controls.  **,  P<0.02. 
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Figure  4.  Sensitivity  to  proteasome  inhibitors  is  dependent  on  proliteration  rate  and  UPS  stress.  A,  proiiteration  rate  ot  lOSEs  and  ovarian  cancer  celi  lines  measured 
by  XTT  assay  under  normal  culture  conditions  (i.e.,  10%  FCS).  Results  are  expressed  in  terms  of  daily  proliferation  rate.  **,  P  <  0.02.  B,  proliferation  rate 
{left,  expressed  in  terms  of  daily  proliferation  rate)  and  viability  {right-,  expressed  as  percentage  of  viable  cells  relative  to  mock-treated  controls)  of  ovarian  cancer  cell 
lines  (ES-2  and  MOSEC)  measured  by  XTT  assay  after  culturing  them  in  presence  of  10%  {+)  or  0.1%  {-)  FCS.  **,  P  <  0.02.  C,  subconfluent  (left)  and  confluent 
(right)  ES-2  cell  lines  were  analyzed  by  PI  staining  and  flow  cytometric  analysis  to  determine  their  cell  cycle  distribution.  Insets,  corresponding  percentage  of  cells  in 
Go-Gi,  S,  and  G2-M  phases  of  the  cell  cycle.  D,  cell  viability  of  subconfluent  (1)  and  confluent  (2)  ES-2  cell  line  was  evaluated  presence  of  either  25  or  50  pmol/L 
MG132.  Percentage  of  viable  cells  relative  to  mock  treated  controls.  ",  P  <  0.02. 


more  directly  link  the  proliferation  rate  with  the  proteasomal 
sensitivity,  we  lowered  the  proliferation  rate  of  MOSEC  and 
ES-2  ovarian  cancer  cell  lines  by  two  independent  methods 
and  tested  sensitivity  to  proteasomal  inhibition  in  relation  to 
proliferation  rate. 

In  the  first  set  of  experiments,  the  proliferation  rate  of  MOSEC 
and  ES-2  cell  lines  was  compared  under  normal  culture  conditions 
(10%  FCS)  and  after  an  extended  period  of  serum  starvation 
(0.1%  FCS).  Ovarian  cancer  cell  lines  cultured  in  presence  of  10% 
FCS  grow  exponentially,  whereas  under  serum  starvation  the  level 
of  cell  proliferation  is  significantly  reduced  {P  <  0.02;  Fig.  4B,  left). 
Normally  cultured  or  starved  MOSEC  and  ES-2  cells  were 
subsequently  subjected  to  proteasomal  inhibition  and  the  viability 
was  determined  compared  with  control  untreated  cells  (Fig.  4B, 
right).  Whereas  the  proteasomal  inhibition  leads  to  significantly 
attenuated  cell  viability  in  the  proliferating  ES-2  and  MOSEC  cells 
in  10%  FCS,  serum  starvation  protects  ES-2  and  MOSEC  cells  from 
the  cytotoxic  effects  of  proteasome  inhibitor  (Fig.  4S,  right).  This 
effect  is  dose  dependent  and  is  seen  with  epoxomicin  treatment 
(data  not  shown). 

For  the  second  set  of  experiments,  the  proliferation  rate  of  ES-2 
cells  was  slowed  by  contact  inhibition,  and  the  sensitivity  to 
proteasomal  inhibition  was  tested.  After  3  days  in  culture,  ES-2 
cells  plated  at  high  density  were  100%  confluent,  whereas  those 
plated  at  low  density  were  subconfluent  (<50%;  data  not  shown). 
Fluorescence-activated  cell  sorting  analysis  confirmed  that  the 
percentage  of  ES-2  cells  within  the  Go-Gi  phase  of  the  cell  cycle  was 
83%  in  confluent  cultures  compared  with  54%  of  subconfluent  ES-2 
cells  (Fig.  4C,  left  and  right,  respectively).  Under  these  conditions. 


reduction  of  the  cell  viability  for  subconfluent  ES-2  cell  is 
significantly  [P  <  0.02)  higher  than  for  confluent  ES-2  cells  in  the 
presence  of  either  25  or  50  pmol/L  MG132,  whereas  vehicle  alone 
had  no  effect  (Fig.  4D). 

Because  a  decreased  proliferation  rate  of  the  ovarian  cancer  cells 
led  to  a  significant  decrease  in  the  toxicity  associated  with 
proteasomal  inhibition,  we  examined  whether  a  decrease  in 
proliferation  rate  of  cells  is  similarly  accompanied  by  a  reduction 
in  UPS  stress.  First,  we  examined  the  levels  of  20S  proteasome  in 
ovarian  cancer  cells  after  either  4  or  15  days  of  serum  starvation  in 
comparison  with  cells  in  standard  culture  conditions  (10%  FCS). 
The  results  show  that  proteasome  levels  are  maintained  at  high 
levels  for  up  to  4  days  of  serum  starvation,  consistent  with  the 
known  long  half-life  of  the  proteasome,  but  significantly  decrease 
with  prolonged  serum  starvation  up  to  15  days  (Fig.  5A).  The 
ES-2  ovarian  cancer  cells  already  show  attenuated  sensitivity  to 
proteasomal  inhibition  by  the  third  day  of  starvation,  although 
proteasome  levels  are  still  high,  suggesting  that  proteasome  levels 
are  not  the  primary  determinant  of  sensitivity  to  proteasome 
inhibitor  in  ovarian  cancer  cell  lines. 

We  then  evaluated  the  overall  levels  of  ubiquitinated  proteins  as 
a  function  of  cell  proliferation.  The  immunoblot  analysis  shows 
that  the  levels  of  ubiquitinated  proteins  decrease  rapidly  with 
serum  starvation  and  better  correlate  with  timing  of  decreased 
sensitivity  to  proteasomal  inhibition  (Fig.  SB).  This  implies  that  the 
degree  of  UPS  stress  more  directly  relates  to  rate  of  proliferation 
and  sensitivity  to  proteasomal  inhibition  than  the  absolute  level  of 
proteasome.  A  semiquantitative  analysis  of  the  ratio  between  20S 
proteasome  and  p>-actin  in  normally  cultured  and  serum-starved 
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ovarian  cancer  cell  lines  is  given  in  Fig.  5C,  whereas  the 
semiquantification  between  polyubiquitinated  proteins  and  (J-actin 
is  given  in  Fig.  5D. 

In  vivo  activity  of  proteasome  inhibitor  PS-341  against  an 
ovarian  cancer  xenograft.  The  proteasome  inhibitor  PS-341/ 
Velcade  has  shovm  efficacy  for  the  treatment  of  multiple  myeloma 
as  well  as  other  hematologic  and  solid  tumors  (30,  31).  Our 
observation  that  ovarian  cancer  cells,  like  multiple  myeloma, 
exhibit  significant  UPS  stress  in  vivo  and  enhanced  sensitivity 
to  proteasome  inhibitor-induced  apoptosis  in  vitro  suggests  the 
potential  for  therapeutic  responses  to  treatment  of  ovarian  cancer 
with  proteasome  inhibitors  in  vivo.  Therefore,  the  ability  of 
proteasome  inhibitor  PS-341  to  inhibit  ES-2  tumor  growth  was 
examined  with  a  mouse  xenograft  model  of  ovarian  cancer.  BNX 
mice  were  inoculated  s.c.  in  the  right  flank  with  1  x  10^  ES-2  cells 
and  93%  animals  developed  a  measurable  tumor  after  within  7  days 
of  inoculation.  Mice  were  then  randomly  assigned  to  PS-341 
treatment  group  (1  mg/kg;  n  =  15)  or  0.9%  normal  saline-treated 
control  groups  (n  =  15)  and  treated  by  i.v.  injection  twice  weekly. 
The  average  tumor  volume  was  212  mm^  at  the  initiation  of 
treatment  with  no  significant  difference  in  tumor  volume  between 
treatment  and  control  groups  at  day  0.  As  shown  in  Fig.  6A, 
a  significant  reduction  in  tumor  volume  was  observed  in  mice 
treated  with  PS-341  versus  the  control  group  by  day  5  of  treatment 


(P  <  0.05).  The  difference  became  more  significant  by  day  9 
(P  <  0.0001),  whereupon  some  control  animals  were  sacrificed  due 
to  their  large  tumor  burden.  A  survival  curve  for  mice  in  each 
group  is  shown  in  Fig.  6B.  A  log-rank  test  revealed  a  significant 
prolongation  in  overall  survival  in  animals  treated  with  PS-341 
versus  controls  (P  <  0.0001).  Notably,  by  day  18  of  treatment,  all  of 
the  control  mice  were  sacrificed  due  to  their  tumor  burden, 
whereas  only  15%  of  mice  in  the  PS-341  treatment  arm  had  to 
be  euthanized.  Our  in  vitro  study  clearly  indicated  that  the  viability 
of  ovarian  cancer  cells  is  highly  compromised  following  proteaso- 
mal  inhibition  due  to  the  rapid  onset  of  apoptosis.  Further,  to 
investigate  the  in  vivo  effect  of  PS-341,  tumor  sections  harvested 
from  control  mice  and  mice  treated  with  proteasome  inhibitor 
were  subjected  to  TUNEL  assay  and  scored  outside  of  necrotic 
regions.  As  shown  in  Fig.  6C,  whereas  the  percentage  of  apoptotic 
cells  in  the  control  group  is  7.2%  (SE  ±  1.3)  and  the  percentage  of 
apoptotic  figures  in  PS-341  animals  is  53.8%  (SE  ±  4.1).  Previous 
studies  have  shown  an  antiangiogenic  effect  of  proteasome 
inhibitors  as  a  result  of  apoptotic  effect  on  endothelial  cells.  To 
assess  the  relative  contribution  of  the  antiangiogenic  effect  of  the 
reduction  of  tumor  growth  after  PS-341  treatment,  tumor  sections 
harvested  from  control  mice  and  mice  treated  with  proteasome 
inhibitor  were  evaluated  for  MVD  by  immunohistochemical 
analysis  for  CD34  expression.  As  shown  in  Fig.  60,  we  found  a 
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Figure  5.  Levels  of  UPS  stress  regulate  the  sensitivity  to  proteasome  inhibitors.  A,  lysate  of  OVCAR-3  and  ES-2  cultured  in  presence  of  10%  FCS  (-r),  0.1% 

FCS  over  a  period  of  4  days  (-),  or  0.1%  FCS  over  a  period  of  15  days  {- 15  days)  was  immunobiotted  with  an  antibody  recognizing  the  p4  subunit  of  the  20S 
proteasome.  B,  lysate  of  OVCAR-3  and  ES-2  cultured  in  presence  of  10%  FCS  {+)  or  0.1%  FCS  over  a  period  of  4  days  (-)  was  immunobiotted  with  an  antibody 
recognizing  conjugated  ubiquitin.  Equal  protein  loading  in  all  four  panels  was  verified  by  using  an  antibody  directed  against  p-actin.  Quantitation  of  the  ratio  between 
20S  proteasome  subunit  (C)  or  conjugated  ubiquitin  (D)  versus  actin  protein  levels  is  presented.  **P  <  0.02. 
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Figure  6.  Proteasome  inhibitor  PS-341  inhibits  growth  of  ES-2  xenograft.  A,  BNX  mice  were  inoculated  with  1x10^  ES-2  in  the  right  flank.  On  detection  of  measurable 
tumor  (day  1),  mice  were  treated  twice  weekly  with  i.v.  injection  of  1  mg/kg  proteasome  inhibitor  PS-341  (n  =  15;  soM  line)  or  0.9%  saline  {n  =  15;  dotted  line). 
Caliper  measurement  of  the  longest  perpendicular  tumor  diameters  was  done  to  estimate  the  tumor  volume  (mean  ±  SE;  mm^),  using  the  following  formula: 

4;t  /  3  X  (width  /  2)^  X  (length  /  2),  corresponding  to  the  three-dimensional  volume  of  an  ellipse.  Statistically  significant  differences  in  terms  of  tumor  growth  were 
obsen/ed  starting  from  the  day  2  after  the  first  treatment  (P  <  0.05)  and  increased  over  the  time  (P  <  0.001).  B,  effect  of  PS-341  on  sun/ival  of  mice  bearing  ES-2 
xenograft.  Survival  was  evaluated  from  the  first  day  after  the  treatment  until  all  the  control  group  mice  had  to  be  sacrificed  (tumor  diameter,  2  cm).  A  significant 
difference  in  overall  sun/ival  between  PS-341-  treated  and  control  animals  (P  <  0.001)  by  log-rank  test.  C,  TUNEL  assay  done  on  histologic  specimens  from  a 
control  mouse  {left)  and  mouse  treated  with  1  mg/kg  PS-341  {right).  D,  representative  tumor  sections  from  a  control  mouse  {left)  and  from  a  PS-341  mouse  {right) 
evaluated  for  MVD  staining  for  CD34. 


statistically  significant  decrease  in  terms  of  MVD  in  sections 
obtained  from  PS-341-treated  versus  control  mice:  16.8  ±  5.3  blood 
vessels  per  high-power  field  (x200)  in  control  versus  36.1  ±  7.7  in 
PS-341-treated  mice  (P  =  0.05). 

Discussion 

In  this  study,  we  show  that  up-regulation  of  proteasome 
subunit  levels  occurs  in  ovarian  cancer  in  vivo  and  in  vitro. 
However,  despite  the  up-regulation  of  total  proteasome  levels, 
ovarian  carcinogenesis  is  associated  with  increased  accumulation 
of  polyubiquitinated  proteins.  This  suggests  that  the  up-regulation 
of  the  proteasome  levels  is  insufficient  to  meet  the  increased 
demand  generated  by  the  greater  metabolic  rate  of  ovarian  cancer 
cells,  and  this  situation  is  reflected  in  greater  UPS  stress. 
Consistent  with  this  evidence  of  increased  proteasomal  stress  in 
ovarian  carcinoma  in  vivo  and  in  vitro,  ovarian  cancer  cell  lines 
show  increased  sensitivity  to  proteasome  inhibitor-induced 
apoptosis  in  vitro.  Furthermore,  treatment  with  a  proteasome 
inhibitor  slows  the  growth  of  a  human  ovarian  cancer  xenograft 
model  in  mice. 

Alteration  in  proteasomal  expression  and  activity  has  been 
linked  previously  to  a  variety  of  biological  and  pathologic 
conditions  (32-37).  In  this  study,  we  show  that  the  up-regulation 
of  proteasome  protein  levels  not  only  is  a  phenomenon  confined 
to  malignances  of  hematopoietic  origin  but  also  occurs  in  ovarian 
cancer.  This  suggests  that,  as  in  leukemic  cells,  ovarian  cancer  cells 
may  have  a  greater  requirement  for  proteasomal  activity  than  their 
untransformed  counterpart.  We  cannot  rule  out  that  the  additional 


proteasomes  are  not  fully  functional  perhaps  because  a  component 
is  not  coordinately  up-regulated  and  is  therefore  rate  limiting. 
However,  our  analysis  shows  that  all  the  proteasome  subunits 
tested  (consisting  of  a,  p,  and  19S  subunits)  are  coordinately 
up-regulated. 

A  correlation  between  proliferation  rate  and  proteasome 
inhibitor-mediated  apoptosis  has  been  found  previously  in  rapidly 
proliferating  leukemic  and  endothelial  cells  versus  their  quiescent 
counterpart  (4,  5).  Our  study  also  extends  these  previous  finding  by 
showing  that  level  of  UPS  stress  and  sensitivity  to  proteasomal 
inhibition  both  correlate  with  cell  proliferation  rate.  Specifically, 
we  show  that  a  decrease  in  proliferation  rate  of  ovarian  cancer  cell 
lines  leads  to  a  significant  decrease  of  polyubiquitinated  proteins 
levels  and  decreased  toxicity  of  proteasomal  inhibition  without 
changes  in  the  proteasome  levels.  Thus,  cellular  levels  of  UPS 
stress  more  directly  relate  to  rate  of  prohferation  and  sensitivity  to 
proteasomal  inhibition  than  the  absolute  levels  of  proteasome 
subunits.  The  decrease  in  proliferation  rate  is  accompanied  by 
reduction  in  sensitivity  to  proteasomal  inhibition,  whereas  the 
steady  levels  of  20S  proteasome  subunits  are  maintained  at  high 
levels  for  up  to  4  days  of  serum  starvation.  However,  with 
continued  serum  starvation,  the  proteasome  levels  decrease.  This  is 
consistent  with  the  known  long  half-life  of  the  proteasome  (38). 
Thus,  our  findings  show  that  the  degree  of  UPS  stress  regulates  the 
levels  of  proteasome  expression  in  cells. 

Proteasome  inhibitors  can  induce  apoptosis  by  targeting  various 
classes  of  protein  involved  in  the  regulation  of  the  cell  cycle  (19). 
Prior  investigations  have  shown  that  proteasomal  inhibition  of 
several  types  of  solid  tumors  blocks  the  cells  at  the  G2-M  phase 
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of  the  cell  cycle  (24-26,  39).  In  this  study,  we  show  treatment  of 
ovarian  cancer  cell  lines  with  proteasome  inhibitors  caused 
accumulation  of  p2l''™^^  and  p27’^’’^,  whose  levels  are  regulated 
by  the  UPS,  and  accumulation  of  the  cells  in  G2-M  phase.  The 
concomitant  accumulation  of  the  cells  in  G2-M  of  the  cell  cycle 
together  with  accumulation  of  CDKIs,  such  as  p2l''™^^  and  p27’^^^, 
is  actually  consistent.  Although  p2l'™’^  is  typically  associated  with 
arrest  in  Gi-S  transition,  a  role  for  p2l''™^^  at  the  G2-M-phase 
transition  has  also  been  proposed  (25).  This  suggests  that 
accumulation  of  p2l'™^'  and  p27’^'’'  following  proteasomal 
inhibition  may  cause  a  temporary  stall  of  the  cells  in  Gj  followed 
by  a  block  in  G2-M.  Further,  studies  have  shovm  that  pro-caspase-3 
overexpression  sensitizes  ovarian  cancer  cells  to  proteasome 
inhibitor-induced  apoptosis  (40,  41).  This  may  occur  via  Bik/ 
NBK  stabilization  (42).  Here,  we  show  that  although  caspase-3 
activation  is  certainly  involved  in  proteasome  inhibitor-mediated 
cell  death,  caspase-3  in  not  entirely  responsible  for  the  apoptotic 
process  on  proteasomal  inhibition.  This  is  consistent  with  a  study 
of  mediators  of  endoplasmic  reticulum  stress-induced  cell  death  on 
proteasomal  inhibition  showing  activation  of  caspase-12  and 
caspase-8  in  addition  to  caspase-3  (43). 

PS-341  represents  a  novel  class  of  myeloma  therapy,  several 
studies  have  shovm  the  efficacy  of  the  proteasome  inhibitor 
PS-341  in  a  variety  of  tumor  cell  lines,  and  its  synergistic  antitumor 
activity  has  been  shovm  in  combination  with  other  chemotherapy 
(8,  44-47).  Our  in  vitro  data  suggest  a  differential  sensitivity  of 
highly  proliferating  ovarian  cancer  cells  to  proteasomal  inhibition. 
Such  selectivity  suggests  proteasome  inhibitors  as  a  candidate  new 


chemotherapeutic  agent  for  ovarian  cancer  treatment.  The  current 
study  provides  in  vivo  evidence  suggesting  that  trials  of  PS-341  in 
patients  with  ovarian  cancer  are  warranted  perhaps  in  combina¬ 
tion  with  other  chemotherapeutic  agents.  Indeed,  a  phase  I  trial  of 
bortezomib  in  recurrent  ovarian  or  primary  peritoneal  cancer 
is  currently  in  progress  (14).  Treatment  of  mice  bearing  palpable 
ovarian  cancer  xenograft  with  PS-341  profoundly  retarded  tumor 
growth.  Consistent  with  the  in  vitro  effects  of  the  proteasome 
inhibitors,  we  observed  a  profound  increase  in  the  level  of 
apoptosis  in  ES-2  xenograft  of  treated  mice.  Further,  a  ~  50% 
reduction  in  the  MVD  was  observed  within  the  ES-2  tumor  of 
treated  mice.  This  is  also  in  line  with  the  previously  described 
antiangiogenic  effects  of  proteasome  inhibitors  (46,  48-50), 
although  the  mechanism  driving  these  effects  is  poorly  understood. 
These  findings  are  particularly  encouraging  given  our  evidence 
of  significant  UPS  stress  in  ovarian  carcinoma  specimens  and 
numerous  studies  showing  the  importance  of  angiogenesis  in 
development  of  ovarian  cancer. 
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Abstract 

An  elevated  number  of  Gr-l*CDllb*  myeloid  cells  bas  been 
described  in  mice  bearing  transplantable  tumors,  and  bas 
been  associated  witb  immune  suppression.  We  examined  tbe 
role  of  sucb  myeloid  suppressor  cells  in  mice  bearing  tbe 
spontaneously  transformed  syngeneic  mouse  ovarian  surface 
epitbelial  cell  line,  IDS.  We  observed  bigb  levels  of  CD80 
expression  by  Gr-l*CDllb*  cells  from  spleen,  ascites,  and 
tumor  tissue  of  mice  bearing  IDS  ovarian  carcinoma,  wbereas 
CD40  and  CDS6  were  absent.  CDSO  expression  was  not 
detected  on  Gr-l*CDllb*  cells  from  naive  mice.  However, 
tbe  expression  of  CDSO  by  Gr-l*CDllb*  cells  from  naive  mice 
was  promoted  by  coculture  witb  IDS  cells.  Because  irradiated 
IDS  cells,  but  not  IDS-conditioned  medium,  up-regidate  CDSO 
expression  by  Gr-l*CDllb*  cells,  tbis  pbenomenon  likely 
requires  direct  interaction.  Gr-l*CDllb*  cells  derived  from 
IDS  tumor-bearing  mice  provided  significant  suppression 
of  antigen-speciflc  immune  responses,  but  Gr-f^CDllb*  cells 
from  naive  mice  did  not.  Botb  short  interfering  RNA- 
mediated  knockdown  and  genetic  knockout  of  CDSO  ex¬ 
pression  by  Gr-C^CDllb*  cells  of  IDS  tumor-bearing  mice 
alleviated  tbe  suppression  of  antigen-specific  immune 
responses.  Suppression  via  CDSO  on  Gr-1*  CDllb"^  myeloid 
cells  was  mediated  by  CD4*CD25^  T  regulatory  cells  and 
required  CD152.  CDSO  knockout  or  antibody  blockade  of 
eitber  CDSO  or  CD152  retarded  tbe  growth  of  IDS  tumor  in 
mice,  suggesting  that  expression  of  CDSO  on  Gr-C^CDllb* 
myeloid  cells  triggered  by  IDS  ovarian  carcinoma  suppresses 
antigen-specific  immunity  via  CD152  signaling  and  CD4* 
CD25*  T  regulatory  cells.  Thus,  CDSO-dependent  responses  to 
myeloid  suppressor  cells  may  contribute  to  tumor  tolerance 
and  the  progression  of  ovarian  carcinoma.  (Cancer  Res  2006; 
66(13):  6807-15) 

Introduction 

The  interaction  of  T  cells  with  immunosuppressive  versus 
activated  regulatory  antigen-presenting  cells  triggers  antigen- 
specific  T  cell  tolerance  as  opposed  to  priming  (1-3).  Recently, 
specific  subsets  of  dendritic  cells  (DC)  such  as  regulatory  DC  (4), 
tolerogenic  DC  (1),  and  Gr-l*CDllb*  myeloid  cells  (5,  6)  have  been 
found  to  play  a  critical  role  in  inducing  immunosuppression. 
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Tumor  progression  is  associated  with  the  accumulation  of  myeloid 
suppressor  cells  (MSC)  that  include  immature  macrophages, 
granulocytes,  DCs,  and  myeloid  cells  (7-10).  These  MSCs  share 
common  features  such  as  myeloid  origin,  macrophage-like 
morphology,  the  phenotype  of  surface  receptors,  and  the  ability 
to  suppress  T  cells  after  culture  in  vitro  (7-10).  The  Gr-l*CDllb* 
surface  markers  are  most  often  associated  with  a  population  of 
immature  myeloid  cells  in  the  spleen  of  tumor-bearing  mice 
(5,  11,  12).  Such  immature  myeloid  cells  are  present  in  the  bone 
marrow  and  spleen  of  healthy  mice,  and  differentiate  into  mature 
myeloid  cells  under  normal  conditions  (12).  The  accumulation  of 
Gr-l*CDllb*  cells  in  large  numbers  of  tumor-bearing  mice 
probably  results  from  various  tumor-derived  factors.  Release  of 
interleukin- 10  (13),  transforming  growth  factor- (3  (14),  interleukin-6 
(15),  vascular  endothelial  growth  factor  (16),  prostanoids  (17), 
prostaglandin  E2  (18),  and  stromal-derived  factor  a  (19)  by  tumors 
have  been  implicated  in  preventing  the  differentiation  and 
maturation  of  immunoregulatory  cells  and  hampering  the  induc¬ 
tion  of  antitumor  immunity.  These  cells  are  also  associated  with 
immune  suppression  during  viral  infection,  transplantation,  UV 
irradiation,  and  cyclophosphamide  treatment  (20). 

Receptors  and  their  ligands  on  T  cells  and  antigen-presenting 
cells  are  critical  in  delivering  inhibitory  or  stimulatory  signals  that 
enable  immune  cells  to  remain  dormant  or  to  respond  effectively 
to  various  stimuli  (21).  The  CD28-B7  and  TNFR/TNF  super¬ 
families  contain  many  of  these  molecules.  B7  family  members, 
including  B7-1,  B7-2,  ICOS  ligand,  PD-Ll,  PD-L2,  B7-H3,  and 
B7-H4,  are  expressed  on  professional  antigen-presenting  cells  as 
well  as  on  cells  within  nonlymphoid  organs,  providing  regulation 
of  T  cell  activation  and  tolerance  in  peripheral  tissues.  The 
interaction  of  CD28  with  CD80  (B7-1)  or  CD86  (B7-2)  not  only 
promotes  initial  T  cell  activation  but  also  regulates  self-tolerance 
by  supporting  CD4*CD25*  T  regulatory  (T^g)  cell  homeostasis. 
B7  both  enhances  the  development  of  Ag-specific  CD4*CD25* 
Treg  in  the  thymus  in  response  to  self-Ag  recognition  and 
also  maintains  these  cells  in  peripheral  lymphoid  organs  (22). 
A  low-level  expression  of  CD80/CD86  is  required  for  CD4*CD25* 
Treg  survival.  CD152  (CTLA-4),  which  binds  with  higher  affinity 
to  CD80/CD86  than  CD28,  is  predominantly  expressed  on 
CD4*CD25"^  T,.eg  cells  (23,  24). 

Several  mechanisms  have  been  described  for  the  induction  of 
tolerance.  These  include  release  of  soluble  mediators  like  NO,  lack 
of  costimulation,  Fas/FasL  interaction  and  the  induction  of  several 
types  of  regulatory  T  cells  including  Trl,  Th3,  NKT  cells,  and 
CD4*CD25*  Treg  cells  (25,  26).  Tumor-associated  myeloid  cells  may 
inhibit  T  cell  responses  by  inducing  the  apoptosis  of  activated  T 
cells  via  up-regulation  of  NO  production  and  arginase  activity 
(12,  27).  Prostaglandin  F2  and  tumor  necrosis  factor-a  function  in 
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macrophage-mediated  T  cell  suppression  (28,  29).  Although  a 
number  of  studies  show  that  strict  cell-cell  contact  between  MSCs 
and  T  cells  is  required  for  T  cell  suppression  in  mice  and  humans 
(30-34),  the  mechanism  by  which  direct  cell-cell  contact  with  such 
tumor-associated  Gr-l^CDllb^  cells  suppress  CD8^  T  cells  in  an 
antigen-specific  manner  is  not  clear.  Herein,  we  show  that  the 
murine  model  of  ovarian  carcinoma,  mouse  ovarian  surface 
epithelial  cell  (MOSEC)  line  1D8  triggers  the  accumulation  of 
Gr-l'^CDllb'^  myeloid  cells  and  CD4^CD25'^  Treg  cells  can  be  found 
in  spleen,  ascites,  and  tumor  tissue  in  mice.  Gr-l^CDllb^  cells  from 
tumor-free  mice  do  not  detectably  express  CD80,  CD40,  or  CD86. 
However,  Gr-l'^CDllb'^  cells  in  mice  bearing  MOSEC  tumor  express 
high  levels  of  CD80,  although  neither  CD40  nor  CD86  are  detected. 
We  show  that  direct  contact  of  Gr-l'^CDllb'^  cells  with  MOSEC 
ovarian  carcinoma  cells  causes  the  expression  of  CD80.  CD80 
expressed  by  these  Gr-l'^CDllb'^  MSCs  plays  a  critical  role  in 
immunosuppression  induced  by  MOSEC  tumors.  The  action  of 
CD4'^CD25^  Treg  cells  and  signaling  via  CD152  are  also  critical  to 
immunosuppression  by  MOSEC  tumors. 

Materials  and  Methods 

Mice.  Six-  to  8-week-old  male  C57BL/6  (NCI)  and  CD80-/-  (B6,  129S4- 
CD80™^^™)  mice  were  maintained  in  a  pathogen-free  animal  facility  at 
least  1  week  before  use.  Experiments  were  done  in  accordance  with 
institutional  guidelines.  For  in  vivo  blockade  studies,  mice  were  injected 
i.p.  with  250  pg  of  anti-CTLA-4  monoclonal  antibody  (UC10-4F10-11;  BD 
PharMingen,  San  Diego,  CA)  or  anti-CD80  (mB7-l  affinity-purified  goat  IgG, 
AF740;  R&D,  Minneapolis,  MN)  on  days  —6,  —4,  —2,  and  +1. 

MOSEC  ovarian  carcinoma  model.  A  syngeneic  mouse  model  for 
epithelial  ovarian  cancer  based  on  a  spontaneously  transformed  MOSEC 
cell  line  (1D8)  has  been  previously  described  (35).  MOSEC  did  not 
express  the  costimulatory  molecules  CD40,  CD80,  CD86,  CD22.2,  CD72, 
CTLA-4,  or  other  markers  CD5,  B220,  CDllb,  and  CDllc  (data  not 
shown).  However,  the  MOSEC  1D8  cells  expressed  CD44  and  very  low 
levels  of  costimulatory  molecules  B7-H1,  PD-1,  and  MHC  class  II  (data 
not  shown).  Multiple  tumors  formed  within  60  days  after  the  i.p. 
injection  of  1  x  10^  MOSEC  (data  not  shown)  in  syngeneic  C57BL/6 
mice.  Tissue  samples  were  collected  2  month  after  the  i.p.  MOSEC 
injection.  To  monitor  tumor  growth  rate,  1  x  10^  MOSEC  cells  were 
injected  s.c.  in  the  right  leg. 

Flow  cytometric  analysis  and  isolation  of  Gr-l+CDllb+  myeloid 
cells  from  ascites  of  mice  with  ovarian  carcinoma.  FITC-conjugated 
anti-CDllc  (N418),  anti-mouse  CD86  (GLl),  anti-mouse  CD80  (16-lOAl), 
anti-mouse  CD40  (3/23),  and  phycoerythrin  (PE)-labeled  anti-CD4  (L3T4), 
anti-mouse  CD8a  (53-6.6),  anti-mouse  CD45  R/B220  (RA36B2),  anti-mouse 
CDllb  (Ml/70),  as  well  as  purified  anti-mouse  I-A^  (25-9-17),  and 
FITC-labeled  anti-mouse  Ly-6G  (RB6-8C5),  allophycocyanin  anti-mouse 
Ly-6G  (RB6-8C5),  PE  or  FITC-labeled  anti-CD25  (7D4),  and  PE-labeled 
CTLA-4  (UC10-4F10-11)  were  purchased  from  PharMingen.  Single  or 
multiple  staining  was  done  using  different  monoclonal  antibodies.  For 
each  analysis,  isotype-matched  control  monoclonal  antibody  was  used 
a  negative  control  Cells  were  then  washed  twice,  resuspended  in 
PBS  containing  1%  paraformaldehyde  and  1%  FCS  and  kept  at  4°C 
prior  to  flow  cytometric  analysis  (FACScan,  Becton  Dickinson,  San 
Diego,  CA). 

Ascites  or  splenic  cells  from  mice  with  ovarian  carcinoma  were  directly 
stained  with  FITC-  or  allophycocyanin-labeled  anti-Gr-1  antibodies  and  PE- 
labeled  anti-CDllb.  After  washing,  cells  were  gated  for  myeloid  cell 
characteristics,  i.e.,  high  forward  and  side  scatter  and  bright  staining  for 
CDllb.  These  selected  cells  were  then  sorted  using  FACScan  based  on  the 
staining  for  CDllb  and  for  Gr-1  or  the  absence  of  staining  for  both.  The 
purity  of  Gr-HCDllb^  cells  was  >95%.  CD4^CD25^  T^gg  cells  were  also 
sorted  using  FACScan  by  staining  with  FITC-labeled  anti-CD4  and  PE- 
labeled  CD25  antibodies. 


Preparation  of  bone  marrow  cells.  Bone  marrow  cells  (BMC)  were 
prepared  as  we  have  previously  described  (36).  Briefly,  BMCs  were  col¬ 
lected  by  removing  the  femur  bones  of  mice,  cutting  off  each  end,  and 
flushing  out  the  bone  marrow  with  RPMI  1640  using  a  syringe.  The  pooled 
cells  were  harvested  by  centrifugation  at  1,600  rpm  for  10  minutes  and 
resuspended  in  2  mL  of  ACK  buffer  for  5  minutes  at  room  temperature  to 
lyse  RBC.  These  cells  were  washed  in  medium  and  cultured  in  RPMI  1640 
with  10%  FCS  and  1%  penicillin  and  streptomycin.  To  determine  the  effect 
of  ovarian  carcinoma  cells  on  the  BMCs,  5  x  lO"*  ovarian  carcinoma  cells 
with  or  without  irradiation  (10^^  Rad)  or  50%  (final  concentration)  super¬ 
natant  from  tumor  cultures  were  added  into  BMCs,  respectively.  The 
Gr-l'^CDllb'^  cells  were  isolated  and  surface  markers  were  analyzed  by 
flow  cytometry. 

Short  interfering  RNA  design,  synthesis,  and  transfection.  Short 
interfering  RNA  (siRNA)  sequences  used  for  targeted  silencing  of  human 
CD80  were  designed  according  to  protocols  in  the  Ambion  Inc.,  (Austin,  TX) 
web  site,  http://www.ambion.com,  and  had  the  following  sequences:  sense 
5'-UGGAAGAGAAUUACCUGGCTT  and  antisense  5'-GCCAGGUAAUUCU- 
CUUCCATT.  Nonsilencing  control  siRNA  is  an  irrelevant  siRNA  with 
random  nucleotides  (5'-ACUATCUAAGUUACTACCCCTT).  Sequences  were 
synthesized  and  annealed  by  the  Johns  Hopkins  University  Genetics  Core 
Facility  (Baltimore,  MD).  Searches  of  the  mouse  genome  database  (BLAST) 
were  carried  out  to  ensure  that  the  sequence  would  not  target  other  gene 
transcripts.  Cells  were  transduced  with  the  siRNAs  using  GeneSilencer 
(Gene  Therapy  Systems,  San  Diego,  CA),  which  was  used  according  to  the 
manufacturer’s  protocol. 

Inhibition  of  antigen-specific  responses  by  ovarian  carcinoma- 
associated  Gr-l'^CDllb'^  cells.  Gr-L^CDllb^  cells  obtained  from  mice  with 
or  without  MOSEC  tumor,  as  indicated,  splenocytes  from  mice  immunized 
with  human  papillomavirus  type  16  virus-like  particles  (VLP),  and  VLPs 
were,  respectively,  used  as  suppressor,  responders,  and  stimulator.  To 
investigate  suppressive  role  of  ovarian  carcinoma-associated  Gr-UCDllb^ 
cells  in  the  antigen-specific  response,  2  x  lo^  splenocytes  were  cocultured 
with  VLP  (final  concentration,  25  pg/mL)  in  triplicate  in  24-well  flat- 
bottomed  plates  (Falcon,  BD  Biosciences,  Franklin  Lakes,  NJ)  in  200  pL  of 
RPMI  1640  according  to  our  prior  methods  (36).  CD4^  cell  and  CD8^  beads 
were  prepared  according  to  the  described  protocol  (MACS).  Gr-UCDllb^ 
MSCs  (5  X  10^  per  well  unless  otherwise  stated)  were  added  into  culture  of 
splenocytes  during  VLP  stimulation.  To  determine  the  suppressive  effect  of 
MSCs  on  VLP-induced  splenocyte  proliferation,  splenocytes  from  mice 
immunized  with  VLPs  were  labeled  with  2.5  pmol/L  of  CFSF  for  10  minutes 
at  room  temperature  (with  gentle  agitation  every  2-3  minutes),  and  then 
washed  thrice  with  PBS.  The  CSFE-labeled  splenocytes  were  stimulated 
with  VLP  and  cocultured  with  Gr-UCDllb^  MSCs.  The  cells  and 
supernatants  were  harvested  separately  at  4  days.  The  cells  were  analyzed 
by  flow  cytometry  and  IFN-y  in  the  supernatant  was  assayed  by  capture 
ELISA.  To  determine  the  effect  of  CD4^CD25^  T^eg  cells  on  the  VLP-specific 
responses,  CD25‘^  T^eg  cells  were  depleted  using  magnetic  beads  or  the 
sorted  CD25^  T^g  cells  by  FACScan  were  added  into  culture.  CD4'^CD25^ 
TregS  (1  ^  10"*)  were  used  in  all  experiments  unless  otherwise  stated.  After 
3  days,  the  supernatant  was  collected  and  IFN-y  was  analyzed. 

Blocking  experiments  were  used  to  determine  the  role  of  costimulatory 
molecules  on  the  ovarian  carcinoma-associated  Gr-UCDllb^  cells  in  which 
various  neutralizing  antibodies  were  added  into  the  culture  to  10  pg/mL, 
including  anti-CD80  (goat  IgG)  and  anti-mouse  CTLA-4  (UC10-4F10-11, 
hamster  IgGi).  The  supernatants  were  collected  after  3  days  and  release  of 
IFNy  was  analyzed.  All  monoclonal  antibodies  had  an  endotoxin  level  of  <1 
endotoxin  units/mL. 

RT-PCR  analysis.  Total  cellular  RNA  was  prepared  using  TRIzol  reagent 
(Invitrogen,  Carlsbad,  CA)  followed  by  RNA  clean-up  with  RNeasy  Mini  kit 
(Qiagen,  Valencia,  CA).  RT-PCR  was  done  by  Superscript  one-step  RT-PCR 
with  Platinum  Taq  according  to  the  protocol  provided  (Invitrogen).  For 
cDNA  synthesis  and  predenaturation,  we  used  1  cycle  (50°C  for  15  minutes, 
94°C  for  2  minutes);  and  for  PCR  amplification,  we  used  40  cycles  (denature, 
94°C  for  15  seconds,  anneal,  55°C  for  30  seconds,  extend  72°C  for  1  min/kb); 
and  for  final  extension,  we  used  1  cycle  (72° C  for  10  minutes).  The 
primers  included:  mouse  Foxp3,  sense  5'-ATGCCCAACCCTAGGCCAGC 
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and  antisense  5'-TCAAGGGCAGGGATTGGAGCC;  mouse  CD80,  sense 
S'-ATGGCTTGCAATTGTCAGTTG  and  antisense  5'-CTAAAGGAAGACGG- 
TCTG;  GAPDH,  sense  5'-ATGGTGAAGGTCGGTGTGAACGGATTTGGC  and 
antisense  5'-CATCGAAGGTGGAAGAGTGGGAGTTGCTGT. 

ELISA.  Commercial  sandwich  ELISA  kits  were  used  for  the  quantitation 
of  IFN'y  (Pierce  Endogen,  Rockford,  IL),  The  absorbance  of  each  of  the 
samples  were  measured  at  450  nm  using  a  SpectraMax  190  ELISA  plate 
reader.  Cytokine  levels  were  quantified  from  two  to  three  titrations  using 
standard  curves,  and  expressed  in  pg/mL. 

Results 

Murine  model  of  ovarian  carcinoma  induces  Gr-l*CDllb* 
MSCs.  Previous  studies  of  mice  bearing  transplantable  tumors  (37) 
have  shown  the  accumulation  of  a  Gr-l*CDllb*  MSC  population. 
We  find  that  mice  bearing  the  transplantable  model  of  ovarian 
carcinoma  MOSEC  IDS  exhibit  a  distinct  Gr-l*CDllb*  population 
of  myeloid  cells  present  in  the  spleen,  ascites,  and  also  tumor  tissue 
that  was  absent  from  tumor-free  mice  (Fig.  L4).  Consistent  with 
their  surface  marker  phenotype,  the  Gr-l*CDllb*  population  of 


cells  exhibited  myeloid  features  by  Giemsa  staining  (data  not 
shown).  This  phenomenon  also  occurs  in  mice  bearing  Lewis  lung 
carcinoma  (LLC)  but  not  the  cervical  carcinoma  model  TC-1  (data 
not  shown). 

To  determine  whether  the  Gr-l*CDllb*  population  of  cells 
suppressed  antigen-specific  T  cell  responses  as  previously  de¬ 
scribed,  we  used  a  potent  heterologous  antigen  from  our  previous 
studies;  human  papillomavirus  type  16  LI  VLPs.  This  xenogenic 
antigen  induces  potent  Ll-specific  antibody  and  T  cell  responses  in 
mice.  When  VLPs  are  added  to  the  splenocytes  of  vaccinated  mice, 
antigen-presenting  cells  such  as  DCs  and  B  cells  in  splenocytes 
could  capture,  process,  and  present  VLP  and  then  induce  strong 
VLP-specific  T  cell  responses.  We  observed  that  the  Gr-l*CDllb* 
myeloid  cells  derived  from  mice  bearing  ovarian  carcinoma 
suppressed  VLP-specific  T  cell  responses  in  vitro,  including  both 
proliferation  and  release  of  IFNy  (Fig.  IB-D).  Importantly,  antigen- 
specific  T  responses  were  suppressed  by  Gr-l*CDllb*  cells  from 
mice  bearing  MOSEC  IDS  tumor  but  not  those  of  tumor-free  mice 
(Fig.  IB-D).  This  suggests  that  Gr-l*CDllb*  cells  from  mice  bearing 
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Figure  1 .  Characteristics  of  MOSEC  1 D8  ovarian  carcinoma-associated  Gr- VCD1 1  MSCs.  A,  flow  cytometric  analysis  of  splenocytes  from  a  tumor-free  mouse. 
Gating  on  forward  and  side  scatter  ( J ),  and  staining  for  Gr-1  versus  CD1 1  b,  CD80,  CD86,  and  CD40  (2);  3,  similar  to  (2),  but  using  splenocytes  of  mice  bearing 
MOSEC  1 D8  tumors;  4,  flow  cytometric  analysis  of  MOSEC  1 D8  ascites  cells.  The  cells  were  gated  on  side  and  forward  scatter,  and  larger  cells  were  analyzed.  The  cells 
were  stained  by  FITC-labeled  antimouse  CD1 1b,  CD80,  CD40,  andCD86,  PE-labeled  antimouse  Gr-1  antibodies.  B,  mouse  ovarian  carcinoma-associated  Gr-VCDIIb"^ 
cells  inhibited  VLP-specific  proliferation  of  CFSE-labeled  splenocytes:  1,  splenocytes  from  mice  immunized  by  VLPs  without  stimulation;  2,  splenocytes  from  mice 
immunized  by  VLPs  stimulated  with  VLPs;  3,  similar  to  (2),  but  MOSEC  1D8  tumor-associated  Gr-VCDIIb"^  cells  (5  x  10“*)  were  added  into  the  culture;  4,  similar  to  (2) 
but  Gr-1  "^CD1 1  b"^  cells  isolated  from  tumor-free  mice  were  added  into  the  culture.  Splenocytes  from  mice  immunized  with  human  papillomavirus  type  1 6  LI  VLPs  (36) 
were  labeled  with  2.5  pmol/L  of  CFSE  for  1 0  minutes  and  then  stimulated  by  VLP.  C,  mouse  ovarian  carcinoma-associated  Gr- VCD1 1  b"^  cells  inhibited  VLP-specific 
production  of  IFN7.  The  indicated  numbers  of  Gr-VCDIIb"^  cells  were  sorted  by  flow  cytometry  from  mice  bearing  MOSEC  1D8  tumor  (TA-Gri)  or  tumor-free  mice 
(Ctr.Gr-1  cells)  and  were  cocultured  with  2x10®  VLP-specific  splenocytes  ( VLP.SC).  D,  splenocytes  from  VLP-vaccinated  mice,  depleted  for  either  CD8'^  { VLP.SCCD8  ) 
or  CD4'^  cells  (VLP.SCCD4^),  and  either  stimulated  with  VLP  or  not,  were  cultured  with  Gr-VCDIIb"^  cells  from  either  control  or  1D8  tumor-bearing  mice. 


www.aacrjournals.org 


6809 


Cancer  Res  2006;  66:  (13).  July  1,  2006 


Cancer  Research 


MOSEC  1D8  tumor  are  functionally  different  from  those  of  naive 
mice.  Furthermore,  Gr-l*CDllb*  ceUs  from  mice  bearing  LLC 
suppress  ovalbumin-specific  T  cell  release  of  IFNy,  suggesting  that 
this  phenomenon  is  neither  unique  to  VLP-specific  T  cell  responses 
nor  Gr-l*CDllb*  cells  from  mice  bearing  MOSEC  1D8  tumor  (data 
not  shown). 

Some  prior  studies  indicate  that  MSCs  inhibit  MHC  class 
I-restricted  CD8*  T  cells  and  have  no  effect  on  CD4*  T  cells  (16,  38), 
whereas  others  find  that  Gr-l*CDllb*  MSCs  also  inhibit  CD4* 
T  cell  function  (39).  We  addressed  tbis  issue  in  the  MOSEC  1D8 
model.  When  ovarian  carcinoma-associated  Gr-l*CDllb*  cells 
were  added  into  CD8-depleted  or  CD4-depleted  VLP-specific  sple- 
nocjrtes,  VLP-dependent  production  of  IFNy  was  significantly 
reduced  in  both  splenocyte  preparations  (Fig.  IZt).  Again, 
suppression  was  not  observed  using  Gr-l*CDllb*  cells  from  naive 
mice.  Tbis  suggests  that  mouse  ovarian  carcinoma-associated  Gr- 
l^CDllb*  cells  inhibit  antigen-specific  release  of  IFNy  by  both 
CD4*  and  CD8*  cells. 

Bronte  et  al.  (5)  described  that  Gr-l*CDllb*  myeloid  cells 
expressed  MHC  class  11,  B220,  F4/80,  CD86,  CD16/32,  and  DEC205. 
In  contrast,  Gabrilovich  et  al.  (16,  40)  reported  the  expression  of 
MHC  class  1  and  the  absence  of  MHC  class  II  and  costimulatory 
molecules,  suggesting  that  there  may  be  significant  differences  in 
the  phenotypes  and  functions  of  Gr-l*CDllb*  myeloid  cells 
induced  by  different  tumors.  Therefore,  we  examined  the  surface 
markers  for  Gr-l*CDllb*  MSCs  from  mice  with  1D8  ovarian 
carcinoma  and  found  no  detectable  expression  of  MHC  class  II, 
CD14,  B220  (data  not  shown),  or  the  CD40  and  CD86  costimulatory 
molecules  (Fig.  L4). 

Direct  contact  of  mouse  ovarian  carcinoma  with  Gr-T^ 
CDllb^  myeloid  cells  promotes  CD80  expression.  A  number  of 
tumor-derived  signals  (17,  40)  have  been  imphcated  in  preventing 
the  differentiation  and  maturation  of  immunoregulatory  cells  and 
hampering  the  induction  of  antitumor  immunity.  Our  findings 
suggest  that  Gr-l*CDllb*  cells  from  mice  bearing  MOSEC  1D8 
tumor  are  functionally  different  from  those  of  disease-free  mice. 
Thus,  it  is  possible  that  1D8  ovarian  carcinoma-derived  factors 
could  render  Gr-l*CDllb*  cells  of  naive  mice  immunosuppressive. 
CD80  expression  has  been  described  as  a  surface  marker  of  MSCs 
expanded  in  mice  with  disseminated  candidiasis,  and  its  depletion 
increased  IFNy-mediated  antifungal  resistance  (20,  41).  This 
finding  suggested  a  possible  suppressive  role  for  CD80  in  the 
activity  of  MSCs.  Therefore,  we  examined  the  levels  of  CD80  on 
Gr-l*CDllb*  cells  from  splenocytes  of  naive  and  MOSEC  1D8 
tumor-bearing  mice  (Fig.  L4).  CD80  expression  was  present  in  the 
Gr-l*CDllb*  cells  of  tumor-bearing  (Fig.  1A3),  but  not  naive 
mice  (Fig.  L42).  Likewise,  Gr-l*CDllb*  cells  in  1D8  ascites  also 
expressed  CD80  (Fig.  1A4). 

To  address  whether  CD80  expression  on  Gr-l*CDllb*  cells  was  a 
direct  effect  of  the  1D8  tumor  cells,  we  isolated  Gr-l*CDllb*  cells 
from  the  bone  marrow  of  tumor-free  mice  and  cocultured  them  for 
3  days  with  1D8  cells  at  a  ratio  of  1:10  (1D8  cells/Gr-l*CDllb* 
cells),  irradiated  1D8  cells  at  a  ratio  of  1:10  (IDS  cells/Gr-l*CDllb* 
cells),  or  in  25%  supernatant  conditioned  using  1D8  in  vitro 
cultures.  Total  RNA  from  Gr-l*CDllb*  cells  with  each  different 
exposure  was  analyzed  by  RT-PCR  for  CD80  transcript  expression. 
Tbe  semiquantitative  RT-PCR  analysis  suggested  that  CD80  tran¬ 
scripts  were  significantly  up-regulated  when  Gr-l*CDllb*  cells 
from  the  bone  marrow  of  tumor-free  mice  were  cocultured  with 
1D8  tumor  cells  (Fig.  2A).  A  similar  effect  was  observed  upon 
coculture  with  irradiated  1D8  cells.  However,  25%  (v/v)  conditioned 
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Figure  2.  Direct  contact  between  MOSEC  1D8  cells  induces  expression  of 
CD80  on  Gr-HCDIIb"^  cells.  A,  semiquantitative  RT-PCR  showing  the  effect 
of  cocultured  live  (T.C)  or  irradiated  MOSEC  1D8  cells  {irT.C)  or  MOSEC  1D8 
cell-conditioned  medium  (T.Su)  versus  control  medium  {Contr.)  on  CD80 
transcript  levels  in  Gr-HCDIIb'^  cells.  B,  flow  cytometric  analysis  of  surface 
CD80  (J)  and  CD40  (2)  expression  on  Gr-HCDIIb"^  cells  cultured  in  the 
presence  of  tumor  cells  (red  solid  line),  irradiated  cells  (green  stippled  line),  1D8 
cell-conditioned  medium  (red  stippled  line),  medium  alone  (blue  line),  or  isotypic 
control  (solid  black  line). 


supernatant  from  1D8  cultures  had  a  lesser  effect  on  CD80 
transcript  expression. 

We  examined  the  up-regulation  by  1D8  cells  of  CD80  on  Gr-1* 
GDI  lb*  cells  from  the  bone  marrow  of  tumor-free  mice  at  the 
protein  level  using  flow  cytometry  (Fig.  2B).  In  parallel  with  the 
RT-PCR  findings  for  CD80  transcripts,  surface  expression  of  CD80 
(Fig.  2B1),  but  not  CD40  (Fig.  2B2),  on  Gr-l*CDllb*  cells  from 
the  bone  marrow  of  tumor-free  mice  was  up-regulated  in  those 
cultured  with  both  live  and  irradiated  1D8  cells,  but  not  cells 
cultured  in  25%  lD8-conditioned  medium.  Thus,  MOSEC  1D8 
tumor  cells  not  only  cause  the  accumulation  of  Gr-l*CDllb*  MSCs 
but  also  induce  the  expression  of  CD80.  This  phenomenon  depends 
on  direct  contact  between  MOSEC  1D8  ovarian  carcinoma  cells 
and  Gr-l*CDllb*  MSCs,  but  not  tumor  cell  proliferation  (Fig.  2). 

Antibody  blockade  of  CD80  decreases  tbe  suppressive 
potential  of  mouse  ovarian  carcinoma-associated  Gr-1* 
CDllb*  MSCs.  CD80  is  a  prototypic  member  of  the  B7-CD28 
family  of  costimulatory  molecules.  However,  reports  differ  in  the 
outcome  of  CD80-dependent  signahng  in  regulating  T  cell  activity 
(42).  Thus,  we  hypothesized  that  CD80  expression  by  the  ovarian 
carcinoma-associated  Gr-l*CDllb*  MSCs  might  contribute  to  the 
suppression  of  antigen-specific  immunity  and  the  induction  of 
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tumor  immunotolerance  (20, 41).  To  address  the  role  of  CD80  in  the 
suppressive  effects  of  Gr-l*CDllb*  MSCs  on  antigen-specific  T  cell 
responses,  we  again  used  splenocytes  from  mice  vaccinated  with  the 
potent  heterologous  antigen,  HPV16  LI  VLPs.  The  presence  of 
CD80-specific  neutralizing  antibody,  but  control  antibody,  inhibited 
the  suppressive  effect  of  ovarian  carcinoma-associated  Gr- 
l^CDllb*  MSCs  upon  VLP-specific  and  T  cell-dependent  IFNy 
release  (Fig.  3^).  Furthermore,  CD80-specific  neutralizing  antibody 
did  not  alter  VLP-specific  and  T  cell-dependent  IFNy  release  in  the 
absence  of  Gr-l*CDllb*  MSCs  suggesting  that  the  effect  is 
mediated  by  binding  of  CD80  antibody  to  CD80*Gr-l*CDllb* 
MSCs.  Because  antibody  blockade  suggests  that  CD80  signaling 
contributes  to  the  suppression  of  antigen-specific  immune 
responses  by  ovarian  carcinoma-associated  CD80*Gr-l*CDllb* 
MSCs,  we  reasoned  that  blockade  of  the  CD80  ligand  CD152 
might  produce  a  similar  effect.  As  shown  in  Fig.  3A,  antibody 
blockade  of  CD  152  also  significantly  decreased  the  suppression  of 
VLP-specific  and  T  cell-dependent  IFNy  release  by  ovarian 
carcinoma-associated  CD80*Gr-l*CDllb*  MSCs.  CD152  antibody 
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Figure  3.  Blockade  of  CD80  or  GDI 52  reduced  antigen-specific  T  cell 
suppression  by  mouse  ovarian  carcinoma-associated  Gr-VCDIIb"^  cells  and 
slowed  tumor  growth.  A,  effect  of  neutralizing  antibody  (10  pg/mL)  to  CD80  or 
CD152  on  the  generation  of  IFN7  by  VLP-specific  splenocytes  (VLP.SC)  in 
the  presence  of  mouse  ovarian  carcinoma-associated  CDIIb'^Gr-V  cells 
(TA  CD80Gr-1)  and  CD4'^CD25'^  cells.  Supernatants  of  cultures  were  collected 
after  24  hours  and  IFN7  was  assayed  by  capture  ELISA.  Iso,  control  antibody. 
B,  in  vivo  injection  of  neutralizing  antibody  to  CD80  or  GDI  52  significantly  slowed 
and  retarded  tumor  growth.  Mice  (six/group)  were  injected  using  MOSEG  1D8 
cells  (s.c.  with  5  X  10®)  and  i.p.  with  250  pg  of  control  antibody  or  antibody 
specific  for  GDI  52  or  CD80  on  days  -6,  -4,  -2,  and  -il. 
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Figure  4.  Knockdown  of  GD80  by  siRNA  decreased  the  suppressive  potential  of 
ovarian  carcinoma-associated  GD80'^Gr-VGD11b'^  MSGs.  A,  GD80  siRNA 
reduced  the  level  of  GD80  but  not  GAPDH  transcript  expression  in  transfected 
ovarian  carcinoma-associated  Gr-VGDIIb*  cells,  as  assessed  by  RT-PGR. 

B,  GD80  SiRNA,  but  not  nonspecific  siRNA,  reduced  the  level  of  surface  GD80 
expression  in  transfected  ovarian  carcinoma-associated  Gr-VGRIIb"^  cells,  as 
assessed  by  flow  cytometric  analysis:  isotype  control  (thin  black  line),  expression 
of  GD80  on  ovarian  carcinoma-associated  Gr-VGDIIb'^  MSGs  (thick  black 
line),  expression  of  GD80  on  ovarian  carcinoma-associated  Gr-VGDIIb'^ 
cells  by  control  siRNA  (dotted  line),  and  expression  of  GD80  on  ovarian 
carcinoma-associated  Gr-VGDIIb'^  cells  transfected  with  GD80-specific 
SiRNA  (dashed  line).  C,  GD80  siRNA  inhibited  the  suppression  by  ovarian 
carcinoma-associated  Gr-IGDI  Ib"^  cells  of  VLP-induced  generation  of  IFN-7  in 
VLP-specific  splenocyte  cultures  (VLP.SC).  CD80*Gr-1*  cells,  cells  sorted  from 
the  ascites  of  mice  with  MOSEG  1 D8  ovarian  carcinoma;  CD80siRNA  cells, 
GD80'^Gr-V  cells  transfected  with  GD80  siRNA;  Cont.  siRNA  cells,  GD80'^Gr-V 
cells  transfected  with  control  siRNA. 


produces  a  significantly  stronger  inhibition  than  CD80  antibody 
(P  <  0.05)  and  their  effects  seem  to  be  additive.  CD152  functions  as 
a  negative  signaling  molecule  not  only  expressed  by  T^g  cells,  but 
also  in  many  different  kinds  of  lymphocytes.  In  contrast,  CD80  is 
mainly  expressed  in  monocyte-derived  cells  such  as  antigen- 
presenting  cells.  This  may  account  for  stronger  inhibition  of  T  cell 
suppression  by  antibody  blockade  of  CD152  as  compared  with 
CD80  blockade. 

To  further  address  the  role  of  CD80-dependent  signaling  on 
tumor  tolerance,  we  examined  the  effect  of  both  CD80-  and  CD  152- 
specific  neutralizing  antibodies  on  the  growth  of  the  MOSEC  1D8 
ovarian  carcinoma  model  in  C57BL/6  mice.  The  administration  of 
either  CD80-  or  CD152-specific  neutralizing  antibody  (250  pg  i.p.) 
on  days  —6,  —4,  —2,  and  -i-l  around  the  s.c.  inoculation  with 
10^  1D8  cells  delayed  the  growth  of  tumor  with  respect  to  mice 
that  did  not  receive  antibody,  whereas  control  antibody  failed  to 
retard  tumor  growth  (Fig.  3B).  When  CD80  or  CD152  neutralizing 
antibodies  are  injected  into  mice  1  week  after  inoculation  with  LLC 
cells  (data  not  shown),  the  delay  in  tumor  growth  was  similar  to 
that  seen  with  the  protocol  for  CD80  antibody  injection  on  days 
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—6,  —4,  —2,  and  +1  observed  in  mice  challenged  with  1D8  tumor 
(Fig.  3B).  Furthermore,  the  infusion  of  CD80*Gr-l*CDllh*  MSCs 
from  mice  with  large  carcinoma  burden  into  naive  mice  produces 
more  rapid  tumor  outgrowth  upon  subsequent  LLC  tumor 
challenge  (data  not  shovm).  This  suggests  that  expansion  of  the 
CD80*Gr-l*CDllh*  MSC  population  suppresses  immunity  against 
both  tumor  types.  Furthermore,  stronger  inhibition  of  T  cell 
suppression  by  antibody  blockade  of  CD152  as  compared  with 
CD80  blockade  (Fig.  3^)  is  consistent  with  the  greater  reduction  of 
1D8  and  LLC  tumor  growth  hy  treatment  of  mice  with  CD  152 
antibody  versus  CD80  antibody  (Fig.  3B;  data  not  shown). 

CD80  knockdown  by  siRNA  decreased  the  snppressive 
potential  of  ovarian  carcinoma-associated  Gr-l*CDllb* 
MSCs.  Antibody  blocking  studies  suggest  that  signaling  via  CD80 
contributes  to  the  induction  of  immunosuppression  hy  MOSEC 
1D8  ovarian  carcinoma.  Because  antibody  treatment  can  induce 
nonspecific  effects,  we  sought  to  further  confirm  the  role  of  CD80 
in  the  suppression  of  antigen-specific  T  cell  responses  by  Gr- 
l^CDllb*  MSCs  using  CD80-targeted  and  nonspecific  control 
siRNA  Upon  transfection,  the  CD80-targeted  siRNA  reduced  the 
CD80  transcript  (Fig.  4A)  and  surface  protein  (Fig.  4B)  levels  with 
respect  to  untreated  ovarian  carcinoma-associated  Gr-l*CDllb* 
MSCs,  whereas  the  control  siRNA  did  not.  Flow  cytometric  analysis 
showed  that  neither  CD80-targeted  nor  nonspecific  control  siRNA 
altered  the  level  of  CD40  or  CD86  in  these  cells  (data  not  shown). 
Ovarian  carcinoma-associated  Gr-l*CDllb*  MSCs  transfected 
with  CD80-targeted  siRNA  or  control  siRNA  were  added  into  the 
culture  of  VLP-specific  splenocytes  with  VLPs.  Ovarian  carcinoma- 
associated  Gr-l*CDllb*  MSCs  transfected  with  CD80-targeted 
siRNA  exhibited  significantly  reduced  suppressive  potential  for 
VLP-specific  and  T  cell-dependent  induction  of  IFNy  release  as 
compared  with  control  siRNA-treated  cells. 


Growth  of  MOSEC  1D8  tumor  is  retarded  in  CD80-deficient 
mice.  Both  antibody  blockade  and  siRNA  knockdown  studies 
support  the  involvement  of  CD80  on  the  Gr-l*CDllb*  cells  in 
inducing  immune  suppression  against  MOSEC  1D8  tumor. 
Therefore,  we  explored  this  phenomenon  further  in  CD80-deficient 
mice.  When  MOSEC  1D8  cells  were  injected  s.c.  into  CD80— /—  and 
CD80+/+  mice,  tumor  appeared  later  and  growth  was  clearly  slower 
in  CD80— /—  as  compared  with  CD80+/+  mice,  further  supporting  a 
role  for  CD80-dependent  signaling  in  the  induction  of  immune 
suppression  (Fig.  5A). 

CD80  deficiency  decreases  the  suppressive  potential  of 
ovarian  carcinoma-associated  Gr-l*CDllb*  cells.  Because 
MOSEC  1D8  tumor  appeared  later  and  growth  was  clearly  slower 
in  CD80-deficient  as  compared  with  wild-type  mice,  we  isolated  the 
Gr-l*CDllb*  cells  derived  from  these  CD80— /—  mice  and  wild- 
type  mice  bearing  tumors,  and  examined  their  ability  to  suppress 
antigen-specific  T  cell  responses.  Gr-l*CDllb*  cells  derived  from 
wild-type  mice  bearing  MOSEC  1D8  tumor  exhibited  significant 
suppression  on  the  VLP-specific  immune  responses,  whereas  those 
isolated  from  CD80— /—  mice  with  the  equivalent  tumor  load 
showed  a  reduced  effect  (Fig.  55). 

Recent  findings  suggest  that  TLR  signaling,  notably  TLR9 
activation  by  CpG,  in  the  appropriate  context,  could  overcome 
immune  tolerance.  Using  RT-PCR,  we  determined  that  Gr-U 
CDllb*  MSCs  express  transcripts  for  TLR2,  TLR4,  and  TLR9  (data 
not  shown).  To  explore  this  possibility,  Gr-l*CDllb*  MSCs  isolated 
from  CD80— /—  or  CD80+/+  mice  bearing  ovarian  carcinomas 
were  stimulated  by  the  CpG  ODN2006  (or  lipopolysaccharide) 
to  determine  the  effect  of  TLR9  activation  on  antigen-specific  T 
cell  suppression.  Athough  control  and  lipopolysaccharide-treated 
(data  not  shown)  Gr-l*CDllb*  MSCs  suppressed  VLP-specific  and 
T  cell-dependent  release  of  IFNy,  CpG-treated  Gr-l*CDllb*  cells 
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Figure  5.  Effect  of  CD80  deficiency  on  ovarian 
carcinoma-associated  Gr-1'“CD11b'“  ceil  suppression 
of  T  ceii  responses  and  tumor  tolerance.  A,  the  growth 
of  MOSEC  1 D8  tumor  is  deiayed  and  siower  in  CD80 
knockout  mice  as  compared  with  wiid-type  mice 
(six/group).  B  and  C,  Gr-VCD1  lb'"  ceiis  from 
CD80-/-  mice  with  ovarian  carcinoma  exhibited  a 
decreased  suppression  of  VLP-induced  production  of 
iFN^  in  VLP-specific  splenocyte  cuitures.  CD80-/- 
Gr-UCDIIb'’  ceils  and  CD80+/+  Gr-VCD1  lb'"  cells 
were  sorted  from  splenocytes  of  CD80-/-  mice  and 
wild-type  mice  with  ovarian  carcinoma,  respectively. 
Isolated  GrVCDI  lb'"  cells  were  cocultured  with  or 
without  CpG  (5  nmol/L,  ODN2006;  InvivoGen, 

San  Diego,  CA).  These  cells  were  washed  and  then 
added  into  the  culture  to  assess  the  influence  of 
CpG  treatment  of  Gr-T“CD11b'“  cells  on  their 
suppression  of  VLP-specific  T  cell  production  of  IFN7. 
Supernatants  of  T  cell  cultures  were  collected  after 
24  hours  and  IFN7  assayed  by  capture  ELISA. 
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Figure  6.  Inhibition  of  antigen-specific  responses  by  CDSO'^Gr-l'^CDI  Ib"^  cells  via  CD4'^CD25'^  Trag  cells.  A,  flow  cytometric  analysis  (7)  of  CD4'^CD25'^  T^g  cells 
isolated  from  splenocytes  of  tumor-free  mice  (N.S),  splenocytes  from  mice  with  ovarian  carcinoma  (O.S),  ascites  cells  from  mice  with  ovarian  carcinoma  {A.C), 
and  ovarian  tumor-infiltrating  lymphocytes  (T.C).  The  figures  reflect  the  percentage  of  004"^  T  cells  that  express  CD25.  2,  the  above  cells  were  analyzed  for 
Foxp3  and  GAPDH  transcript  expression  by  RT-PCR.  B,  expression  of  GDI 52  on  0025"^  T  cells  isolated  from  mice  bearing  MOSEC  IDS  ovarian  carcinoma. 

C,  CD4'^CD25'^  T,eg  cells  are  required  for  the  suppression  of  VLP-induced  production  of  IFNy  in  VLP-specific  splenocyte  cultures  by  MSCs.  VLP-specific  splenocytes 
were  depleted  of  CD25'^  cells  using  microbeads  (VLP.SC)  and  stimulated  with  VLP.  CDSO’^Gr-f^  cells  and  CD4'^CD25'^  cells  were  isolated  from  the  ascites  of  mice 
with  MOSEC  IDS  ovarian  carcinoma  by  flow  cytometry  and  then  added  into  culture  at  the  numbers  indicated. 


from  tumor-bearing  CD80+/-I-  mice  failed  to  effectively  suppress 
this  response.  Notably,  CpG-treated  Gr-l*CDllb*  cells  from 
CD80— /—  mice  bearing  ovarian  carcinoma  significantly  enhanced 
VLP-specific  and  T  cell-dependent  release  of  IFNy  (Fig.  5B).  These 
phenomena  were  dependent  on  the  number  of  MSCs  added  to  the 
VLP-specific  splenocyte  cultures  (Fig.  5C). 

Role  of  CD4*CD25*  T^eg  cells  in  the  suppression  of  antigen- 
specific  responses  by  Gr-l*CDllb*  MSCs.  CD4*CD25*  T^eg  cells 
suppress  antitumor  immunity  and  are  expanded  in  patients  with 
ovarian  cancer  and  correlate  with  poor  clinical  outcome  (43). 
We  also  observed  an  increase  in  the  splenic  population  of  CD4* 
CD25*  T  cells  in  mice  bearing  MOSEC  1D8  tumor  (Fig.  6^i). 
Furthermore,  a  greatly  increased  proportion  of  CD4*CD25*  T^eg 
cells  were  observed  in  MOSEC  1D8  ascites  (30%  of  total  CD4*  T 
cells)  and  tumor  tissue  (60%  of  total  CD4*  T  cells;  Fig.  6^f).  The 
expression  of  transcripts  of  the  T^g  marker  Foxp3  were  detected 
in  CD4*CD25*  cells  isolated  from  MOSEC  1D8  ascites  (Fig.  6A2). 
Weak  Foxp3  transcript  expression  was  also  detected  in  CD4*CD25* 
splenocytes  from  mice  bearing  MOSEC  1D8  tumors,  but  not  those 
from  tumor- free  mice  (Fig.  6A2).  We  also  observed  a  higher 
proportion  (18.2%)  of  CD4*  splenocytes  of  mice  bearing  ovarian 
tumor  stains  for  FoxP3  using  antibody  FJK-16s  (eBioscience,  San 
Diego,  CA)  as  compared  with  CD4*  splenocytes  of  control  tumor- 
free  mice  (only  5.7%).  These  numbers  are  consistent  with  the  17.6% 
and  9.7%  of  CD4*  splenocytes  staining  with  CD25  in  splenocytes 


from  mice  bearing  ovarian  tumor  versus  those  of  control  tumor- 
free  mice,  respectively  (Fig.  6A1),  suggesting  that  the  majority  of 
CD4*CD25*  cells  detected  are  indeed  FoxP3*  T^eg  rather  than 
activated  conventional  T  cells.  A  significant  fraction  of  CD25* 
T  cells  from  tumor  tissue  were  CD  152-positive  (Fig.  6B),  which  may 
account  for  the  ability  of  CD152  antibody  blockade  to  blunt  the 
suppression  of  antigen-specific  T  cell  responses  (Fig.  3A)  and  retard 
tumor  growth  (Fig.  3S). 

We  sought  to  address  the  role  of  CD4*CD25*  T^g  cells  in  ovarian 
carcinoma-associated  Gr-l*CDllb*  cell-mediated  suppression  of 
antigen-specific  T  responses.  Thus,  CD25*  cells  were  depleted  from 
the  splenocytes  of  VLP-vaccinated  mice.  Treatment  of  these  CD25- 
depleted  splenocyte  cultures  with  VLP  induced  a  robust  IFNy 
response  (Fig.  6Ci).  Notably,  the  addition  of  both  CD4*CD25* 
T  cells  and  Gr-l*CDllb*  MSCs  from  tumor-bearing  mice  were 
required  for  the  suppression  of  VLP-induced  release  of  IFNy  by 
CD25-depleted  splenocyte  cultures  of  VLP-vaccinated  mice.  To 
address  whether  T^eg  cells  require  Gr-l*CDllb*  MSCs  to  inhibit  the 
function  of  T  cells  in  our  model,  we  compared  the  immunosup¬ 
pressive  effect  of  CD4*CD25*  T  cells  either  with  or  without  Grl* 
CDllb*  ceUs.  Although  10®  CD4*CD25*  T  ceUs  without  Grl^CDllb* 
cells  could  slightly  reduce  the  T  cell  response  (Fig.  6Ci),  the 
immunosuppression  was  much  more  potent  in  the  presence  of 
Grl^CDllb*  cells.  Because  this  suppression  was  not  seen  in  the 
absence  of  CD4*CD25*  T  cells  (Fig.  6C1 ),  this  experiment  suggests 
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a  critical  role  for  T^g  in  the  suppression  of  antigen-specific 
immunity  by  Gr-l*CDllb*  MSCs  of  tumor-bearing  mice.  Finally, 
suppression  of  VLP-induced  release  of  IFNy  by  CD25-depleted 
splenocyte  cultures  of  VLP-vaccinated  mice  could  be  titrated 
with  the  addition  of  increasing  numbers  of  CD4*CD25*  T  cells 
(Fig.  6C2). 

Discussion 

In  this  study  we  describe  the  accumulation  of  Gr-l*CDllb* 
MSCs  and  CD4*CD25*FoxP3*  T^g  cells  in  the  spleen,  ascites,  and 
tumor  tissue  of  mice  bearing  the  MOSEC  IDS  model  of  ovarian 
carcinoma.  Mice  bearing  LLC,  but  not  the  cervical  carcinoma 
model,  TC-1  (data  not  shovm),  also  accumulate  Gr-l*CDllb* 
MSCs,  implying  that  this  phenomenon  is  neither  restricted  to  the 
IDS  model,  nor  common  to  all  tumor  models.  The  absence  of  Gr- 
l^CDllb*  MSC  accumulation  from  the  spleens  of  mice  bearing  TC- 
1  suggests  that  other  mechanisms  are  responsible  for  tolerance  of 
this  tumor.  It  is  clear  that  tumors  use  multiple  mechanisms  to 
induce  immune  tolerance  involving  T^eg  cells,  tolerant  DCs,  and  the 
tumor  cell  itself. 

We  show  that  the  mouse  ovarian  carcinoma-associated  Gr-D 
CDllb*  MSCs  expressed  a  high  level  of  CD80,  whereas  other 
costimulatory  molecules,  i.e.,  CD40  and  CD86,  are  not  detected. 
We  find  that  direct  interaction  of  MOSEC  1D8  ovarian  carcinoma 
cells  causes  Gr-l*CDllb*  cells  to  up-regulate  surface  expression 
of  CD80.  We  show  that  CD80  expressed  by  ovarian  carcinoma- 
associated  Gr-l*CDllb*  cells  plays  a  critical  role  in  immunosup¬ 
pression  induced  and  maintained  by  Gr-l*CDllb*  cells. 

How  does  direct  contact  between  tumor  and  splenic  Gr- 
l^CDllb*  cells  occur  for  CD80  up-regulation?  One  possibility  is 
via  circulating  tumor  cells  that  seed  metastases.  This  is  consistent 
with  the  requirement  of  extensive  disease  burden  for  this  effect  and 
the  previous  description  of  metastasis  of  both  MOSEC  1D8  and 
LLC,  but  interestingly  not  TC-1  tumor.  It  is  also  possible  that  blood 
cells,  especially  bone  marrow  stem  cells,  pass  through  tumor  tissue 
before  entering  the  spleen  (44).  Another  possibility  is  that 
membrane  fragments  shed  from  1D8  tumor  cells  trigger  CD80 
up-regulation  on  splenic  MSCs  because  viable  tumor  cells  are  not 
required  for  this  phenomenon  in  vitro  (Eig.  2).  Indeed,  ovarian 
cancer  sheds  high  concentrations  of  membrane  fragments  into  the 
peripheral  blood  of  patients  (45).  These  shed  tumor  membrane 
fragments  have  been  shovm  to  suppress  CD3-5  expression  and 
induce  T  cell  apoptosis  in  vitro  (45).  Clearly  there  are  multiple 
opportunities  for  contact  between  blood  and  tumor  cells,  but 
defining  the  mechanism  of  Gr-l*CDllb*  spleen  cell  expansion  and 
CD80  up-regulation  requires  further  study 

Recently  several  studies  have  addressed  the  roles  of  CD80  and 
CD86  in  regulating  immune  responses.  CD80  and  CD86  are 
sometimes  considered  interchangeable  costimulators.  However,  it 
has  been  proposed  that  CD80  is  the  initial  ligand  responsible  for 
maintaining  aspects  of  immune  tolerance  through  interaction  with 


CD152  (46).  These  inhibitory  functions  might  then  be  overridden 
by  the  up-regulation  of  CD86  on  DCs  as  a  result  of  inflammatory 
stimuli,  leading  to  immune  activation.  In  addition,  CD80  and  CD86 
may  have  distinct  preferences  for  CD28  and  CD152.  Our  studies 
strongly  support  a  role  for  CD80  as  the  initial  ligand  responsible  for 
maintaining  aspects  of  immune  tolerance  through  interaction  with 
CD152.  CD80  expressed  on  the  Gr-l*CDllb*  cells  induces  antigen- 
specific  immunosuppression  by  modulating  the  activity  of  T^^g 
cells.  Indeed  we  find  that  a  significant  fraction  of  CD4*CD25*  T^g 
cells  isolated  from  mice  bearing  the  MOSEC  1D8  ovarian 
carcinoma  express  CD152.  Others  have  also  found  a  high  level  of 
CD152  on  CD4*CD25*  T  cells  in  different  systems  (47).  Further¬ 
more,  interference  with  this  role  of  CD152  suffices  to  elicit 
autoimmune  disease  in  otherwise  normal  animals,  presumably 
through  affecting  CD4*CD25*  T  cell-mediated  control  of  self¬ 
reactive  T  cells  (24).  CD4*CD25*  T^eg  cells  produce  interleukin- 10, 
transforming  growth  factor-p,  interleukin-6,  and  IFN-y  to  induce 
the  T  cell  immunotolerance  (48).  This  unique  function  of  CD  152 
could  be  used  to  modulate  T  cell-mediated  immunoregulation,  and 
induce  immunologic  tolerance,  or  control  autoimmunity. 

Binding  of  CD80  and  CD152  may  affect  the  function  of  Gr-H 
CDllb*  cells.  Indeed,  binding  of  CD152-Ig  to  DCs  induces  the 
expression  of  indoleamine-2,3-dioxygenase  (IDO),  an  enzyme  that 
degrades  the  essential  amino  acid  tryptophan  (49).  Tryptophan 
metabolites  suppress  T  cell  response  in  vitro  and  in  vivo  (50)  as 
well  as  T  cell  clonal  expansion  (49).  Recent  studies  suggest  that 
triggering  of  IDO  requires  the  ligation  of  CD80/CD86  molecules 
displayed  on  DCs  by  CD152/CD28  expressed  on  T  cells  (49). 
Subpopulations  of  CD4*CD25*  T^g  may  constitutively  express 
CD152.  Indeed,  both  mouse  CD4*CD25*  T^eg  cells  and  a  CD152- 
transfected  cell  line  induced  IDO  activity  in  mouse  DCs  in  vitro  in  a 
CD152-dependent  manner.  The  adaptive  immune  system  could 
promote  tolerance  through  signals  from  Treg  cells  that  express 
CD152  and  induce  IDO-competent  DCs  to  express  IDO,  thereby 
suppressing  T  cell  responses  and  promoting  tolerance.  The  IDO- 
catalyzed  tryptophan  metabolites  are  toxic  for  T  cells,  especially 
activated  T  cells.  IDO-expressing  DC  might  also  promote  the 
development  of  T^eg  cells  in  a  feed-forward  mechanism  (49). 
Further  study  is  necessary  to  determine  the  role  of  IDO  and 
tryptophan  metabolites  in  immunosuppression  produced  by 
ovarian  carcinoma-associated  CD80*Gr-l*CDllb*  MSCs. 
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Gynaecological  malignancies,  excluding  breast  cancer,  cause  ~  25,000  deaths 
yearly  among  women  in  the  US.  Therefore,  novel  approaches  for  the  preven¬ 
tion  or  treatment  of  these  diseases  are  urgently  required.  In  the  case  of  cervi¬ 
cal  cancer,  human  papillomavirus  (HPV)  xenoantigens  are  readily  recognised 
by  the  immune  system,  and  their  targeting  has  shown  great  promise  in 
preclinical  models  of  therapeutic  vaccination  and  in  clinical  studies  of 
peventative  vaccination.  A  growing  body  of  evidence  indicates  that  ovarian 
cancer  is  also  immunogenic  and  can  thus  be  targeted  through  immuno¬ 
therapy.  This  review  outlines  the  principles  and  problems  of  immunotherapy 
for  cervical  and  ovarian  cancer,  including  the  authors'  personal  assessment. 
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1.  Introduction 


Gynaecological  malignancies,  excluding  breast  cancer,  claim  ~  25,000  deaths  yearly 
among  women  in  the  US.  Approximately  15,000  of  them  are  due  to  epithelial 
ovarian  cancer  (EOC)  and  another  5000  due  to  invasive  cervical  cancer.  Similar 
figures  apply  to  European  countries,  while  worldwide  cervical  cancer  remains  a 
premier  health  issue  for  women.  In  fact,  ~  500,000  new  cases  of  cervical  cancer  and 
200,000  deaths  occur  each  year  worldwide,  with  nearly  80%  of  cases  arising  in  less 
developed  countries  [i].  Aggressive  surgery  and  combination  chemotherapy  have  had 
little  impact  on  the  long-term  survival  of  patients  with  advanced  EOC.  Further¬ 
more,  multimodality  therapy,  including  chemotherapy  and  radiation,  are  destined 
to  fail  in  a  large  number  of  patients  with  advanced  cervical  cancer.  These  numbers 
create  a  pressing  need  to  develop  novel  approaches  for  the  prevention  or  treatment 
of  these  diseases. 

It  is  now  generally  accepted  that  tumour  cells  express  unique  antigens  or  over¬ 
express  antigens  that  are  recognised  by  the  immune  system  [2-4].  Identifying  these 
antigens  provides  the  opportunity  for  developing  potentially  successful  immuno¬ 
therapy.  In  the  case  of  cervical  cancer,  the  therapeutic  targets  are  easily  identified: 
human  papillomavirus  (HPV)  xenoantigens  are  readily  recognised  by  the  immune 
system,  and  their  targeting  has  shown  great  promise  in  preclinical  models  of  thera¬ 
peutic  vaccination  and  in  clinical  studies  of  preventative  vaccination.  These 
advances  would  also  be  applicable  to  vulvar  or  vaginal  cancers  caused  by  HPV.  For 
other  gynaecological  malignancies,  the  field  of  immunotherapy  is  at  its  infancy. 
With  few  exceptions  [5],  most  work  has  been  done  in  ovarian  cancer.  Tumour- associ¬ 
ated  antigens  (TAAs)  have  not  undergone  rigorous  scrutiny,  and  systematic  charac¬ 
terisation  of  immune  surveillance  mechanisms  has  not  been  undertaken  to  date. 
However,  mounting  evidence  indicates  that  ovarian  cancer  is  also  immunogenic  and 
can  thus  be  targeted  through  immunotherapy.  This  review  will  summarise  the 
current  status  of  immunotherapy  for  cervical  and  ovarian  cancer. 
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2.  Immunotherapy  of  cervical  cancer 

Approximately  90  -  98%  of  cervical  cancers  are  associated 
with  HPV  infection,  which  is  common  and  is  acquired 
mainly  through  sexual  contact  (for  review  see  [6]).  There  are 
>100  known  genotypes  of  HPV,  but  only  some  are  associated 
with  infection  of  the  genital  mucosa.  Genital  HPV  types  can 
be  classified  into  ‘high-risk’  and  ‘low-risk’  varieties,  based  on 
the  frequency  of  their  identification  in  cervical  cancers. 
‘Low-risk’  types  (i.e.,  HPV-6  and  -11)  are  associated  with 
benign  proliferative  growths,  such  as  genital  warts.  ‘High-risk’ 
HPVs  can  cause  cervical  intraepithelial  neoplasia  (CIN)  and, 
if  left  untreated,  may  lead  to  cervical  cancer  (for  review 
see  [7]).  Thus,  numerous  studies  have  indicated  that  HPV 
infection  is  necessary  for  the  development  of  cervical  cancer. 

All  HPV  types  have  a  circular,  double-stranded  DNA 
genome  containing  ~  8000  base  pairs  and  encoding  two 
classes  of  proteins:  ‘early’  proteins,  which  regulate  viral  DNA 
replication  (El,  E2),  RNA  transcription  (E2)  and  cell  trans¬ 
formation  (E5,  E6,  E7);  and  ‘late’  proteins  (LI,  L2),  the  struc¬ 
tural  components  of  the  viral  capsid.  The  viral  DNA 
ordinarily  replicates  extrachromosomally.  In  HPV-associated 
malignant  transformation,  viral  DNA  may  be  integrated  into 
the  cellular  DNA,  and  integration  often  results  in  deletion  of 
large  sectors  of  the  viral  genome.  Late  genes  (LI  and  L2)  and 
some  early  genes  (such  as  E2  and  E5)  are  usually  lost,  leaving 
E6  and  E7  as  the  principal  open  reading  frames  found  in 
carcinomas  (for  review  see  [7]). 

Several  studies  demonstrate  that  virus-neutralising  antibodies 
mediate  protection  of  animals  from  experimental  papilloma¬ 
virus  infection  [8-i0].  Although  antibody-mediated  neutralisa¬ 
tion  of  virus  has  important  preventative  utility  several  lines  of 
evidence  suggest  that  cell-mediated  immune  responses  are 
important  in  controlling  established  HPV  infections  as  well  as 
HPV-associated  neoplasms  (for  review  see  [ii]).  First,  the 
prevalence  of  HPV-related  diseases  (infections  and  neoplasms) 
is  increased  in  patients  with  impaired  cell-mediated 
immunity,  including  transplant  recipients  [12]  and 
HIV-infected  patients  [I3,i4].  Second,  animals  immunised 
with  non-structural  viral  proteins  are  protected  from 
papillomavirus  infection  or  the  development  of  neoplasia. 
Immunisation  also  facilitates  the  regression  of  existing 
lesions  [15,16].  Third,  infiltrating  CD4^  (T  helper  cells)  and 
CD8+  (cytotoxic  T  cells)  T  cells  have  been  observed  in 
spontaneously  regressing  warts  [17].  Finally,  warts  in  patients 
who  are  on  immunosuppressive  therapy  often  disappear  when 
treatment  is  discontinued  (for  review  see  [18]). 

The  well-characterised  foreign  (viral)  antigens  and  the 
well-defined  virologic,  genetic  and  pathological  progression  of 
HPV  have  provided  a  unique  opportunity  to  evaluate  inter¬ 
ventions  with  antigen-specific  immunotherapy.  Conceptually, 
two  different  types  of  HPV  vaccines  can  be  designed:  prophy¬ 
lactic  (preventative)  vaccines  that  prevent  HPV  infection,  and 
therapeutic  (curative)  vaccines  that  would  induce  regression 
of  established  HPV  infection  and  its  sequelae. 


2.1  Preventative  HPV  vaccines 

Preventative  HPV  vaccine  development  has  been  compli¬ 
cated  by  the  lack  of  animal  models  for  the  genital  mucosa- 
tropic  HPV  types  and  by  difficulty  in  propagating  the  virus 
in  culture.  These  problems  have  been  partially  overcome 
using  cutaneous  and  mucosal  animal  papillomaviruses  as 
models,  and  by  the  development  of  virus-like  particles 
(VLPs)  and  pseudovirions. 

The  papillomavirus  major  capsid  protein  LI  —  over¬ 
expressed  in  mammalian  [19, 20],  insect  [21],  yeast  [22]  or  bacte¬ 
rial  cells  [23]  -  spontaneously  assembles  to  form  VLPs  that  are 
devoid  of  the  oncogenic  viral  genome.  Parenteral  injection  of 
these  VLPs,  or  even  the  pentameric  LI  capsomer  [24],  elicits 
high  titres  of  serum  neutralising  antibodies  and  protection 
from  experimental  challenge  with  infectious  virus  in  several 
animal  papillomavirus  models  [8,9,25].  Genetic  vaccination 
with  an  LI  expression  vector  also  protects  from  experimental 
viral  challenge  [26-28]. 

Although  VLP  vaccination  provides  immunity  from  experi¬ 
mental  inoculation,  protection  against  sexual  transmission  of 
HPV  requires  neutralising  antibodies  acting  at  mucosal 
surfaces.  Serum  neutralising  IgG  induced  by  parenteral  VLP 
vaccination  may  enter  via  transudation  into  the  genital  tract 
and  maintain  a  sufficient  level  to  provide  sterilising  immunity 
across  the  menstrual  cycle.  Neutralising  antibodies  may  either 
transudate  from  plasma  into  genital  secretions  and/or  be 
synthesised  by  local  plasma  cells.  Induction  of  plasma  cells 
requires  direct  immunisation  of  the  mucosa-associated 
lymphoid  tissue  [29,30],  but  nasal  instillation  of  VLPs  was 
found  to  be  efficient  in  generating  specific  antibodies,  includ¬ 
ing  serum  IgG,  and  IgG  and  IgA  in  mucosal  secretions  of 
mice  [23,31],  More  recently,  oral  vaccination  with  HPV  VLPs 
in  mice  has  been  shown  to  induce  systemic  virus-neutralising 
antibodies,  suggesting  that  HPV  VLPs  may  be  antigenically 
stable  in  the  environment  of  the  gastrointestinal  tract.  These 
studies  provide  the  possibility  of  vaccinating  large  populations 
with  HPV  VLP  without  using  syringes  [32]. 

In  recent  clinical  data,  intramuscular  vaccination  of  women 
with  HPV- 16  VLPs  was  found  to  induce  significant  antibody 
titres  in  cervical  secretions  [33].  A  comparison  by  the  same 
researchers  of  nasal  spray  or  aerosol  for  mucosal  delivery  of 
50  |ig  of  HPV- 16  VLPs  to  humans  revealed  that  aerosol  was 
effective  at  inducing  an  antibody  response,  with  IgG  found 
predominantly  in  serum  and  both  IgG  and  IgA  found  in 
cervical  secretions. 

Early  Phase  I/II  clinical  trials  using  HPV  LI  VLP  delivered 
intramuscularly  have  demonstrated  the  immunogenicity  and 
safety  of  this  vaccine  [34,35].  Importantly,  Koutsky  et  al.  have 
reported  data  from  a  clinical  trial  of  HPV- 16  LI  VLPs  indi¬ 
cating  for  the  first  time  that  a  vaccine  strategy  can  be  imple¬ 
mented  in  humans  to  prevent  HPV- 16  infections  and 
HPV-l6-associated  premalignant  lesions  [36].  A  similar 
vaccine  strategy  is  being  tested  with  HPV- 11  VLPs  [37]  and 
VLP  vaccination  may  also  be  extended  to  other  oncogenic 
HPV  types.  Vaccination  of  a  single  animal  with  multiple 
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HPV  VLP  types  does  not  detract  from  the  response  to  the 
individual  types  [38],  A  quadrivalent  HPV  VLP  vaccine  (types 
6,  11,  16  and  18)  from  Merck  is  in  a  clinical  trial  at  present; 
preliminary  results  found  that  the  vaccine  was  well-tolerated 
and  generated  neutralising  antibody  titres.  These  HPV  VLP 
vaccines  may  be  useful  not  only  for  the  prevention  of  cervical 
cancer,  but  also  for  the  prevention  of  other  HPV-associated 
malignancies,  including  a  subset  of  head  and  neck  squamous 
cell  carcinomas,  vulvar  cancers  and  other  anogenital  cancers. 

A  clearer  picture  of  the  long-term  effects,  including  duration 
of  antibody  titres  and  side  effects,  will  likely  emerge  several 
years  after  this  study  and  other  parallel  studies  of  HPV  VLP 
vaccines  have  matured.  Concern  has  been  raised  that  wide¬ 
spread  HPV- 1 6  vaccination  may  eventually  exert  evolutionary 
pressure,  selecting  outgrowth  of  other  types  of  HPV  and/or 
some  HPV-16  variants  that  carry  mutation(s)  on  the  LI  gene 
and,  thus,  are  unaffected  by  the  vaccine.  However,  this  is 
improbable  given  the  slow  evolution  of  HPV  and  evidence  of 
cross-neutralisation  of  variants  by  immune  sera  [38,39]. 

Although  the  VLP  vaccine  shows  great  promise  for  HPV 
control  in  industrialised  nations,  it  is  probably  not  ready  for 
use  in  developing  countries  due  to  its  cost.  Many  developing 
countries  do  not  have  sufficient  resources  for  routine  Pap 
smear  testing,  let  alone  preparation  and  parenteral  administra¬ 
tion  of  VLPs.  Another  difficulty  is  the  instability  of  the 
preventative  HPV  VLP  vaccine  at  room  temperature  over 
long  periods  of  time.  The  VLP  vaccine  requires  sophisticated 
equipment  for  production  and  refrigerated  storage  facilities. 
Future  vaccine  research  should  work  toward  a  new  generation 
of  HPV  vaccines  that  are  cheaper,  more  easily  administered, 
and  more  stable  in  order  to  be  applicable  worldwide  (for  a 
review  of  prophylactic  HPV  vaccines  and  associated  issues 
see  [40]).  Naked  DNA  vaccines  that  express  LI  are  effective  in 
animals  and  may  be  cheaper  than  using  purified  VLP,  particu¬ 
larly  in  the  formulation  of  polymeric  vaccines  based  on 
multiple  HPV  genotypes. 

There  are  at  least  15  oncogenic  HPV  genotypes,  and 
in  vitro  neutralisation  studies  suggest  that  they  may  represent 
an  equivalent  number  of  serotypes  [38],  although  limited  cross¬ 
reactivity  can  occur  between  Lis  of  different  genotypes  with 
>  85%  sequence  identity  [38].  Therefore,  protection  against 
infection  by  all  of  these  types  with  a  VLP-based  vaccine  would 
probably  require  a  highly  polymeric  vaccine  that  would  be 
difficult  to  generate.  Another  potential  alternative  for 
comprehensive  protection  is  to  vaccinate  against  L2. 

L2  is  immunologically  subdominant  to  LI,  as  immunisa¬ 
tion  with  virions  or  capsids  comprising  LI  and  L2  elicits 
almost  exclusively  LI -specific  antibody  [4i].  However, 
induction  of  in  vitro  neutralising  antibody  [4i,42]  and 
protection  of  animals  from  experimental  infection  by 
vaccination  with  recombinant  L2  alone  [43-45]  demonstrates 
the  promise  of  L2  as  a  prophylactic  vaccine.  Indeed, 
L2-specific  cross-neutralising  polyclonal  sera  and  mono¬ 
clonal  antibodies  have  been  demonstrated  [41,46,47].  A  recent 
study  by  Embers  et  al.  indicates  that  protection  by 


L2  peptide  vaccination  is  probably  mediated  by  neutralis¬ 
ing  antibody  [lO].  Vaccination  of  patients  with  fusion 
proteins  containing  L2  has  proven  safe.  As  seen  in  animal 
models,  the  humoral  immune  responses  of  patients  to  L2 
are  much  weaker  than  to  LI  VLP  [48-50].  Therefore,  if  the 
relatively  weak  immunogenicity  of  L2  can  be  overcome, 
vaccination  against  L2  holds  great  potential  for  prophylaxis 
against  infection  by  a  broad  range  of  HPV  types  and  their 
associated  cancers. 

2.2  Therapeutic  HPV  vaccines 

Although  vaccination  with  preventative  HPV  vaccines  is  able 
to  generate  high  titres  of  serum  neutralising  antibodies  in 
animals  and  in  humans,  such  immunisation  may  not  be  able 
to  generate  significant  therapeutic  effects  for  established  or 
breakthrough  HPV  infections  that  have  escaped  antibody- 
mediated  neutralisation.  Therapeutic  vaccines  should  induce 
specific  cell-mediated  immunity  that  prevents  the  develop¬ 
ment  of  lesions  and  eliminates  pre-existing  lesions  or  even 
malignant  tumours.  Among  early  viral  antigens,  neither  El 
nor  E2  are  consistently  expressed  in  carcinoma,  while  E5 
shows  limited  immunogenicity  and  has  not  been  extensively 
studied  as  a  vaccine  antigen.  Likewise,  E4  and  the  LI  and  L2 
capsid  proteins  are  unlikely  to  be  suitable  targets  for  therapeu¬ 
tic  vaccine  development  because  these  proteins  are  not  detect- 
ably  expressed  in  basal  epithelial  cells  of  benign  lesions  or  in 
abnormal  proliferative  cells  of  premalignant  and  malignant 
lesions  [5i,52].  Although  recent  studies  indicate  that  vaccina¬ 
tion  with  VLPs  may  generate  a  capsid  protein-specific  cyto¬ 
toxic  T  lymphocyte  (CTL)  response  [53,54],  such  a  response 
against  LI  or  L1/L2  VLPs  alone  may  not  be  able  to  generate  a 
significant  therapeutic  effect. 

E6  and  E7  are  completely  foreign  viral  proteins  and  may, 
therefore,  harbour  more  antigenic  peptides/epitopes  than  a 
mutant  cellular  protein.  Furthermore,  as  E6  and  E7  are 
required  for  the  induction  and  maintenance  of  the 
malignant  phenotype  [55],  cervical  cancer  cells  are  unlikely 
to  evade  an  immune  response  through  antigen  loss.  Thus, 
although  care  must  be  taken,  given  the  oncogenic  nature  of 
these  genes,  E6  and  E7  proteins  represent  good  targets  for 
developing  antigen-specific  immunotherapies  or  vaccines 
for  cervical  cancer.  As  E6  and  E7  are  virus-encoded 
oncogenic  proteins,  for  clinical  translation  the  E6/E7  genes 
have  to  be  mutated  to  alleviate  concerns  about  their 
oncogenic  potential. 

Various  forms  of  HPV  vaccines,  such  as  vector-,  peptide-, 
protein-,  DNA-,  chimeric  VLP-  and  cell-based  vaccines,  have 
been  described  in  experimental  systems  targeting  HPV-16  E6 
and/or  E7  proteins.  The  following  sections  provide  a  brief 
description  of  several  therapeutic  HPV  vaccines  that  have 
been  tested  in  the  early  phases  of  clinical  trials. 

2.2.7  Live  vector  vaccines 

Live  vector  vaccines  have  been  evaluated  in  clinical  trials. 
Results  of  Phase  I/II  clinical  trials  using  recombinant  vaccinia 
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virus  encoding  HPV-16  and  HPV-18  E6/E7  (called  TA-HPV) 
indicated  that  the  vaccine  was  well-tolerated  and  that  some 
patients  with  CIN-3,  early  invasive  cervical  cancer  or  advanced 
cervical  cancer  developed  T  cell  immune  responses  after  vacci¬ 
nation  [56-58],  TA-HPV  was  also  able  to  generate  specific 
immune  responses  in  some  patients  with  HPV-associated 
vulval  or  vaginal  intraepithelial  neoplasia  [59,60],  In  a  study 
conducted  by  Baldwin  and  colleagues,  5  of  12  patients  had  at 
least  a  50%  reduction  in  lesion  diameter  over  24  weeks,  and 
one  patient  showed  complete  regression  after  vaccination  [59], 
Recombinant  Listeria  monocytogenes  has  also  shown  promise  in 
preclinical  models  and  will  be  undergoing  clinical  testing  in 
the  near  future  [6i,62], 

2.2.2  Peptide/protein  vaccines 

Phase  I/II  clinical  trials  have  demonstrated  that  peptide 
vaccines  are  both  safe  and  well-tolerated  in  humans.  In  one 
study,  women  were  vaccinated  with  HPV-16  E7  peptides, 
either  amino  acids  (aa)  12-20  alone,  or  aa  12  —  20  mixed 
with  aa  86  —  93  covalently  linked  to  a  T  helper  stimulating 
peptide.  Dysplasia  was  cleared  in  3  of  1 8  patients  with  high- 
grade  cervical  or  vulvar  intraepithelial  neoplasia,  and  measured 
regression  of  lesions  was  observed  in  6  of  18  of  the  same 
patients  [63],  Lipopeptides  have  also  been  used  in  clinical  trials. 
Although  regression  of  cancer  was  not  noted,  vaccination  with 
lipidated  HPV-16  E7  peptide  was  found  to  generate  CTL 
responses  in  some  patients  with  HPV-associated  cancer  [64], 
Several  of  the  strategies  employed  in  preclinical  protein 
vaccine  studies  have  been  translated  into  clinical  trials.  Some 
approaches  have  used  a  fusion  of  HPV  capsid  proteins  with 
HPV  early  proteins,  possibly  providing  prophylactic  as  well  as 
therapeutic  benefit.  Clinical  trials  demonstrated  that  a  fusion 
of  HPV-6  L2  and  E7  adsorbed  onto  Alhydrogel  (called 
TA-GW)  was  well-tolerated  and  could  clear  HPV  genital 
warts  in  some  patients  [48],  A  fusion  of  HPV-16  L2,  E6  and 
E7  (called  TA-CIN)  was  well-tolerated  by  patients,  it  elicited 
antibodies  in  all  women  tested  and  produced  T  cell  immunity 
in  a  subset  of  women  tested  [50],  TA-CIN  vaccination  has  also 
been  combined  with  TA-HPV  vaccination  in  a  ‘prime— boost’ 
clinical  trial  in  patients  with  high-grade  vulval  intraepithelial 
neoplasia  (VIN),  In  a  recent  study,  ten  women  with  HPV- 16- 
positive  high-grade  VIN  were  immunised  with  TA-HPV  and 
boosted  three  times  with  TA-CIN,  Nine  of  ten  women 
demonstrated  HPV-l6-specific  proliferative  T  cell  and/or 
serological  responses  following  vaccination.  In  addition,  three 
women  showed  lesion  shrinkage  or  symptom  relief,  although 
there  was  no  direct  correlation  between  clinical  and  immuno¬ 
logical  responses  [65],  Other  fusion  strategies  have  also  been 
used  to  make  proteins  for  HPV  vaccination.  In  a  small. 
Phase  I/II  clinical  trial,  a  fusion  of  LLaemophilus  influenzae 
lipoprotein  D  and  HPV-16  E7  (called  PD-E7  or  D16E7) 
administered  with  adjuvant  induced  potent  E7-specific  CD 8+ 
T  cell  responses  and  regression  of  lesions  in  some  patients 
with  CIN-1  or  CIN-3  [66],  HspE7  (Stressgen  Biotechnologies 
Corp,,  Victoria,  BC,  Canada),  a  fusion  of  BCG  Hsp65  and 


HPV-16  E7,  is  another  vaccine  now  in  clinical  trials  for  the 
treatment  of  patients  with  HPV-associated  anal  dysplasia  [67], 
These  therapeutic  vaccines  may  be  appealing  in  high-risk 
populations  where  compliance  and  long-term  follow-up  can 
be  a  problem  for  all  types  of  treatments.  It  is  important  to 
note  that  the  results  from  most  of  the  therapeutic  vaccine 
clinical  studies  are  quite  preliminary.  Only  a  few  patients  were 
included  in  these  studies.  Furthermore,  a  relatively  small 
proportion  of  the  lesions  have  been  cleared.  It  is  difficult  to 
rule  out  the  possibility  that  the  observed  lesion  has  been 
biopsied  off  or  that  adjacent  CIN  lesions  could  undergo 
regression  related  to  the  inflammatory  response  of  the  biopsy. 
In  addition,  it  has  been  reported  that  CIN  lesions  can 
undergo  spontaneous  regression  [68],  At  this  point,  the  relative 
cost  of  treatment  of  CIN  with  local  ablative  measures  versus 
vaccine  approaches  is  not  clear  as  there  is  no  therapeutic  HPV 
vaccine  in  the  market  at  present, 

2.2.3  DNA  vaccines 

At  present,  a  plasmid  DNA  vaccine  encoding  multiple 
human  leukocyte  antigen  (HLA)-A2-restricted  epitopes 
derived  from  the  HPV-16  E7  protein  has  been  evaluated  in  a 
Phase  I  clinical  trial  in  patients  with  high-grade  anal  intra¬ 
epithelial  lesions  [69]  and  in  a  Phase  I  clinical  trial  in  patients 
with  CIN-2/3  [70],  The  vaccine,  ZYC-101  (ZYCOS  Inc,,  now 
acquired  by  MCI  Pharma,  MA,  USA),  is  composed  of 
plasmid  DNA  encapsulated  in  biodegradable  polymer  micro¬ 
particles,  The  initial  results  of  these  trials  suggest  that  the 
DNA  vaccine  was  well-tolerated  in  all  individuals  at  all  dose 
levels  tested.  Furthermore,  10  of  12  individuals  with  anal 
dysplasia  demonstrated  an  increased  immune  response  to  the 
peptide  epitopes  encoded  within  the  DNA  vaccine  [69];  5  of 
15  women  with  CIN-2/3  had  complete  histological  responses 
and  1 1  of  15  women  with  CIN-2/3  had  HPV-specific  T  cell 
responses  [70],  A  Phase  II  trial  of  ZYC-lOla,  a 
next-generation  ZYC-101  vaccine  that  contains  plasmid 
DNA  encoding  both  HPV-16  and  HPV-18  E6  and  E7 
epitopes,  has  also  been  reported  recently.  Although  there  was 
no  overall  significant  difference  in  clearance  of  CIN-2/3 
between  the  placebo  and  ZYC-lOla  treatment  groups,  data 
from  a  prospectively  defined  subgroup  of  younger  women 
demonstrated  a  significantly  higher  rate  of  disease  resolution 
for  individuals  treated  with  ZYC-lOla  [7i],  In  addition  to 
ZYC-101  vaccines,  a  DNA  vaccine  encoding  E7  linked  to 
Mycobacterium  tuberculosis  Hsp70  (pNGVL4a-Sig/ 
E7(detox)/Hsp70)  has  entered  clinical  trials  at  Johns 
Hopkins  Hospital,  Initial  results  indicate  that  the  vaccine  is 
well-tolerated  (Timble  C,  pers,  commun,), 

2.2.4  Dendritic  cell-based  vaccines 

Greater  understanding  about  the  origin  of  dendritic  cells 
(DCs),  their  antigen  uptake  mechanisms,  and  the  signals 
that  stimulate  their  migration  and  maturation  into 
immunostimulatory  antigen-presenting  cells  (APCs)  has 
aided  the  development  of  DC-based  vaccines  (for  review 
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see  [72]).  HPV-specific  DC-based  vaccines  can  be  generated 
using  the  following  methods: 

•  DCs  pulsed  with  E6  and/or  E7  peptides/proteins 

•  DCs  transduced  with  DNA,  RNA  or  viral  vectors  encoding 
E6  and/ or  E7 

Genes  encoding  costimulatory  molecules  or  cytokines  can  also 
be  introduced  into  DCs  to  enhance  their  ability  to  stimulate 
the  immune  system  via  enhanced  T  cell  interactions.  Despite 
the  versatility  in  preparing  DCs,  the  production  of  DCs  is 
labour-intensive.  DCs  must  be  cultured  ex  vivo  on  an  individ¬ 
ualised  basis.  DC  vaccines  can  also  potentially  vary  in  quality 
because  of  the  wide  variety  of  methods  for  culturing  DCs, 
loading  antigen  and  administering  vaccines.  In  addition,  some 
concerns  have  been  raised  that  immature  DCs  may  potentially 
result  in  antigen  tolerance  (for  review  see  [73]).  Although 
promising  preclinically,  DC-based  vaccines  for  HPV  have  had 
limited  clinical  testing.  One  clinical  study  monitored  a 
woman  with  metastatic  cervical  cancer  who  received  a  vaccine 
made  of  DCs  pulsed  with  HPV- 18  E7  protein.  Although 
vaccination  did  not  result  in  permanent  remission,  it  inhib¬ 
ited  tumour  progression  and  greatly  improved  the  patient’s 
performance  without  significant  side  effects  [74].  DCs  pulsed 
with  tumour  lysate  have  also  been  used  in  some  clinical 
trials  [75].  In  general,  DC-based  vaccines  may  be  more  useful 
for  tumour  cells  without  well-defined  tumour-specific 
antigens  because  they  are  quite  labour-intensive,  HPV 
antigen-specific,  DC-based  vaccines. 

3.  Immunotherapy  of  ovarian  cancer 

The  case  of  immunotherapy  for  ovarian  cancer  is  not  so 
well-established  as  for  cervical  cancer.  As  for  most  other 
non-virally  induced  solid  tumours,  tumour  rejection  antigens 
have  not  been  well  characterised.  The  lack  of  obvious  success 
in  Phase  I/II  trials  to  date  has  cast  doubts  on  the  rationale 
and  potential  of  immunotherapy  in  EOC.  However,  accumu¬ 
lating  evidence  shows  that  ovarian  tumours  are  recognised 
and  attacked  by  the  immune  system.  EOCs  may  display  a 
brisk  lymphocyte  infiltrate  [78-81],  while  tumour-derived 
lymphocytes  exhibit  oligoclonal  expansion  [82,83],  recognise 
tumour  antigens  [84-88]  and  display  tumour-specific  cytolytic 
activity  ex  vivo  [89-93].  Ex  vivo  expanded  T  cell  clones 
recognise  different  antigenic  determinants  within  the  same 
patients,  indicating  heterogeneity  of  the  response  within 
individuals  [92].  Evidence  of  spontaneous  antitumour 
immune  response  activation  in  ovarian  carcinoma  was 
recently  provided.  Tumour-specific  peripheral  blood  T  cell 
precursors  were  detected  in  ~  50%  of  patients  with  advanced 
ovarian  carcinoma  [94].  The  authors  recently  characterised 
tumour-infiltrating  lymphocytes  (TILs)  in  176  advanced 
ovarian  cancers.  It  was  shown  that,  whereas  TILs  could  be 
detected  in  the  stroma  surrounding  tumour  islets  in  the 
majority  of  tumours,  T  cells  infiltrating  tumour  islets  (intra- 
tumoural  T  cells)  were  detected  only  in  55%  of  the 


patients  [95].  Intratumoural  T  cells  were  associated  with 
significantly  longer  clinical  remission  after  chemotherapy  as 
well  as  improved  overall  survival.  Therefore,  ovarian  carci¬ 
noma  belongs  to  the  list  of  tumours  that  could  greatly  benefit 
form  the  strengthening  of  tumour— host  interactions  through 
immunotherapy;  this  list  now  includes  vertical-growth-phase 
melanoma  and  breast,  prostate,  renal  cell,  oesophageal  and 
colorectal  carcinomas  [96-ioi]. 

Results  reported  recently  with  cancer  vaccines  in  other  solid 
tumours  are  encouraging,  especially  in  the  adjuvant 
setting  [102-105].  In  addition,  adoptive  lymphocyte  therapy  has 
yielded  dramatic  results  in  melanoma  [76].  Up  to  50%  of 
treated  patients  that  have  been  published  to  date  in  one  trial 
demonstrated  objective  durable  responses,  with  a  >  50% 
reduction  at  all  tumour  sites  [76].  The  best  results  of  this  group 
were  achieved  with  a  combination  of  adoptive  therapy,  which 
included  polyclonal  T  cells,  IL-2  and  lymphodepletion. 
Analysis  of  the  TCR  VP  gene  products  demonstrated  that 
there  was  a  significant  correlation  between  tumour  regression 
and  the  degree  of  persistence  in  peripheral  blood  of  adoptively 
transferred  T  cell  clones.  In  fact,  persistence  of  multiple 
tumour-reactive  T  cell  clones  following  adoptive  transfer  was 
associated  with  sustained  complete  regression  of  all  metastatic 
lesions  in  lungs  and  soft  tissues  [76,106,107].  Thus,  efforts  at 
developing  immunotherapy  for  ovarian  cancer  should  be 
intensified  rather  than  abandoned.  This  review  will  recapitu¬ 
late  previous  and  ongoing  clinical  trials  as  well  as  future  direc¬ 
tions  about  four  different  immunotherapy  approaches: 
therapeutic  vaccines;  adoptive  T  cell  therapy  strategies; 
cytokine  therapies;  and  antiregulatory  T  cell  treatments. 

3.1  Tumour  vaccines 

Tumour  vaccines  represent  one  of  the  most  common 
immunotherapy  approaches  against  ovarian  cancer,  although 
only  a  handful  of  trials  have  reported  clinically  measurable 
benefits.  Earlier  clinical  trials  have  been  designed  empirically 
without  fundamental  knowledge  of  the  immune  biology  of 
solid  tumours  and  resulted  in  poor  clinical  responses.  As 
advancements  in  molecular  and  cellular  immunology 
continue  to  grow  rapidly,  significant  progress  has  been  made 
in  our  understanding  of  immune  dysfunction  caused  by 
tumours  and  in  our  ability  to  manipulate  the  immune  system 
in  an  effort  to  circumvent  such  dysfunction. 

3.1.1  Antigen-based  vaccination 

3. 1. 1. 1  Tumour-associated  antigens 

The  induction  of  T  cell-specific  responses  in  a  reproducible 
and  controlled  clinical  setting  would  ideally  require  the  iden¬ 
tification  of  ovarian-specific  tumour  antigens.  Lessons  learned 
from  other  tumours,  mainly  melanoma,  indicate  that  tumour 
cells  do  express  unique  antigens  that  are  recognisable  by  the 
immune  system  [2-4].  These  can  be  differentiation  antigens, 
also  expressed  by  embryonal  cells,  but  not  by  adult  normal 
cells;  overexpression/amplifi cation  antigens,  also  expressed  by 
normal  cells,  but  at  levels  that  are  too  low  to  induce  an 
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immune  response  under  physiological  conditions;  and  newly 
acquired  mutational  antigens,  resulting  from  mutations  asso¬ 
ciated  with  the  oncogenic  process.  The  best  differentiation 
tumour  rejection  antigen  identified  to  date  is  the  HLA-A2- 
restricted  onconeuronal  protein  antigen  cdr2  [I08,i09],  based 
on  the  high  frequencies  of  CTLs  in  patients  with  EOC  and 
the  syndrome  of  paraneoplastic  cerebellar  degeneration 
(PCD).  However,  due  to  the  shared  expression  of  cdr2  in 
epithelial  tumour  and  cerebellar  Purkinje  cells  that  results  in 
PCD,  cdr2  is  not  a  promising  candidate  for  vaccines. 

HER-2/neu  (c-erBb-2)  is  an  attractive  overexpression/ 
amplification  antigen  for  breast  and  ovarian  cancer 
vaccines  [iio.iii].  Although  overexpressed  in  only  10  —  15%  of 
primary  ovarian  cancers  [112],  a  large  proportion  of  recurrent 
tumours  may  be  positive  for  HER-2,  based  on  the  examina¬ 
tion  of  cells  that  have  been  placed  in  culture  [ii3].  HER-2  is 
immunogenic  in  patients  with  ovarian  cancer.  A  protein 
vaccine  consisting  of  a  high  dose  (900  |ig)  of  a  HER-2/neu 
intracellular  domain  peptide  elicited  rapid,  specific, 
T  cell-mediated  immunity  in  most  ovarian  cancer  patients 
treated  [ii4].  Interestingly,  a  third  of  patients  developed  IgG 
immunity  to  the  native  HER-2/neu  protein  after  peptide 
immunisation,  while  intermolecular  epitope  spreading  to  p53 
was  evident  in  20%  of  vaccinated  patients  [ii5]. 

Few  other  tumour  antigens  have  been  identified  in  ovarian 
cancer;  among  them  are  amino  enhancer  of  split  protein  [116], 
the  folate  binding  protein  [87],  sialylated  TN  (sTN),  a  mucin 
antigen  [ii7-ii9],  MUC-1  [120],  NY-ESO-1,  a  testis  differentia¬ 
tion  antigen  [121,122],  and  mesothelin  [123].  In  a  recent  study,  a 
synthetic  analogue  of  sTN  was  administered  to  patients  with 
advanced  ovarian  carcinoma.  No  acute  toxicities  as  well  as  a 
documented  immune  response  were  reported,  with  several 
patients  maintaining  stable  disease  for  extended  time  [124]. 
p53  overexpression  as  a  result  of  mutations  is  highly  prevalent 
in  late  as  well  as  early  stage  sporadic  serous  carcinomas  [125], 
and  has  been  observed  in  all  early  invasive  serous  carcinomas 
and  the  adjacent  dysplastic  ovarian  surface  epithelium  in 
ovaries  removed  prophylactically  from  BRCA  heterozygous 
women  [126].  In  addition,  p53  loss  is  important  for  ovarian 
carcinogenesis  in  genetically  engineered  mouse 
models  [127,128].  Thus,  vaccination  against  p53  is  a  logical 
approach.  A  trial  of  p53  vaccination  is  ongoing  at  present  at 
the  National  Cancer  Institute  (NCI). 

Another  tumour  antigen  expressed  by  a  high  proportion  of 
ovarian  tumours  that  calls  for  more  investigation  is  CA-125. 
Two  independent  studies  showed  that  immunotargeting  of 
CA-125  yields  tangible  clinical  results.  A  recent  Phase  I/IIb 
study  proved  the  safety  and  immunogenicity  of  anti-idiotypic 
antibody  vaccine  ACA125,  which  functionally  imitates 
CA-125,  in  119  patients  with  advanced  ovarian  carcinoma. 
Development  of  CA-125-specific  antibodies  and  antibody- 
dependent  cell-mediated  cytotoxicity  of  CA- 125-positive 
tumour  cells  was  observed  in  50.4  and  26.9%  of  patients, 
respectively.  Antianti-idiotypic  antibody  (Ab3)-positive 
patients  showed  a  significantly  longer  survival  (median 


23.4  months)  as  compared  with  Ab3-negative  patients 
(median  4.9  months;  p  <  0.0001)  [129].  Furthermore,  treat¬ 
ment  with  the  high-affinity  murine  monoclonal  antibody 
oregovomab  (OvaRex®,  AltaRex,  MA,  USA),  which  results  in 
formation  of  circulating  immune  complexes  that  can  trigger  a 
cellular  immune  response  targeting  CA-125,  shows  promise 
in  ovarian  cancer  [130].  In  a  recent  Phase  III  trial  of  upfront 
therapy,  addition  of  OvaRex  consolidation  following  carbo- 
platin-paclitaxel  chemotherapy  resulted  in  2.3-fold  increase 
in  median  time  to  progression  in  a  preliminary  report 
(adjusted  hazard  ratio  0.474;  p  =  0.0261;  95%  confidence 
interval:  0.246  -  0.915).  This  was  observed  only  in  the  subset 
of  patients  (n  =  67)  with  <  2  cm  residual  disease  after  primary 
surgical  debulking  and  favourable  response  to  chemotherapy, 
as  assessed  by  serum  CA-125  <  65  U/ml  before  the  third  cycle 
and  normalised  but  measurable  CA-125  at  study  entry 
(CA-125  >  5  and  <  35  U/ml)  [131]. 

Universal  antigens  are  expressed  by  a  variety  of  tumour 
cells,  but  not  normal  cells,  as  their  expression  is  necessary  to 
maintain  the  transformed  phenotype  [132].  The  human  telo- 
merase  reverse  transcriptase  (hTERT)  is  one  such  promising 
TAA  for  therapeutic  vaccination  as  it  is  expressed  in  >  85%  of 
EOCs  [133,134].  Unlike  other  TAAs,  telomerase  is  absent  in 
most  normal  cells.  CTLs  recognise  peptides  derived  from 
hTERT  and  kill  hTERT-positive  carcinoma  cells  in  vitro  [135]. 
hTERT  is  immunogenic  in  patients  with  solid  tumours. 

Other  universal  antigens  tested  include  cytochrome  P450 
CYPIBI  and  survivin.  CYPIBI  is  a  member  of  the  CYPl 
P450  enzyme  family  that  is  overexpressed  in  a  variety  of  solid 
tumours.  Preclinical  work  has  shown  that  human 
CYP 1 B 1  -encoding  plasmid  DNA  formulated  in  poly(lactide- 
co-glycolide)  microparticles  (ZYCOS,  Inc.)  is  well-tolerated 
and  elicits  durable  immune  responses  that  are  dependent  on 
repeat  immunisation  [136].  Survivin  expression  has  been 
described  during  embryonic  development  and  in  adult 
cancerous  tissues,  with  greatly  reduced  expression  in  adult 
normal  differentiated  tissues,  particularly  if  their  proliferation 
index  is  low.  Survivin  has  been  defined  as  a  universal  tumour 
antigen  and  as  the  fourth  most  significant  transcriptosome 
expressed  in  human  tumours  [137,138]. 

3. 1.1. 2  Mode  of  delivery 

A  variety  of  methodologies  have  been  developed  and  tested 
for  the  delivery  of  antigen  vaccines.  Recombinant  proteins  or 
synthetic  peptides  may  be  injected  directly  to  patients,  but 
require  coadministration  of  adjuvants  to  enhance  recruitment 
and/or  activation  of  DCs  at  the  site  of  injection.  Classical 
adjuvants  used  in  vaccine  trials  have  included  keyhole  limpet 
haemocyanin  [139],  Montanide  ISA-51,  bacillus  Calmette- 
Guerin  (BCG)  or  cytokines  such  as  granulocyte-macrophage 
colony-stimulating  factor  (GM-CSF)  and  IL-2  [140].  Other 
strategies  include  DNA-based  vaccines  in  which  DNA  encod¬ 
ing  for  tumour-specific  antigens  may  be  inserted  into  recom¬ 
binant  viruses  and  transduced  into  DCs  [i4i-i43].  The  use  of 
CpG  oligonucleotides  or  heat-shock  protein  adjuvants  is  very 
promising  in  this  setting  [144]. 
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DCs  have  shown  great  promise  in  tumour  vaccination,  as 
they  are  professionally  endowed  with  the  ability  to  present 
antigen.  Different  methodologies  to  generate  clinically 
meaningful  quantities  of  DCs  from  peripheral  blood  precur¬ 
sors  have  been  developed  [i45-i47].  DCs  can  now  be  pulsed 
successfully  in  vitro  with  recombinant  proteins,  synthetic 
peptides,  mRNA  or  cDNA  of  known  antigens.  The  first 
lesson  painfully  learned  from  clinical  trials  is  that  mature  DCs 
are  superior  to  immature  DCs  in  the  induction  of  immuno¬ 
logical  responses.  A  direct  comparison  of  peptide-loaded 
immature  and  mature  DCs  in  patients  with  metastatic 
melanoma  has  shown  that  only  mature  DCs  induce  antigen- 
specific  cytolytic  effector  responses  [i48]  and  correlate  with 
favourable  clinical  outcomes  [i49].  In  fact,  immature  DCs 
might  rather  induce  tolerance  to  presented  antigens  in  the 
context  of  therapeutic  vaccination  [i48,i50].  It  has  also  become 
progressively  clear  that  DCs  exhibit  a  tolerogenic  and 
pro-angiogenic  phenotype  within  ovarian  cancer  [151-154]  and 
that  tumour-derived  factors  induce  not  only  intratumoural, 
but  also  systemic  suppression  of  DC  differentiation  and/or 
maturation  [155-157].  The  level  and  stability  of  DC  maturation 
are  thus  critical  factors  that  may  affect  the  efficacy  of  vaccine 
therapy  [158].  DCs  with  partial  but  irreversible  maturation 
might  be  best  positioned  to  achieve  efficient  vaccination.  For 
example,  genetic  manipulation  of  DCs  ex  vivo  to  confer 
expression  of  cytokine  transgenes  or  CD40  ligand  has  been 
shown  to  maintain  the  therapeutic  potency  of  DC  vaccines. 
Promising  protocols  have  explored  the  use  of  CD40/Toll-like 
receptor  7  stimulation  [159,160].  Alternatively,  blockade  of 
systemic  immunosuppressive  factors  might  permit  proper 
maturation  of  DCs  in  vivo  [i6i]. 

3.1.2  Whole  tumour  antigen  vaccines 
In  the  absence  of  known  tumour  antigens,  whole-cell  vaccines 
offer  relative  simplicity  of  preparation  and  the  theoretical 
advantage  of  a  broad  tumour  antigen  repertoire  from  which  to 
draw  an  immune  response.  Ovarian  cancer  lends  itself  to  this 
approach  because  tumour  cells  can  be  easily  recovered 
through  the  collection  of  ascites  or  cytoreductive  surgery. 
However,  difficulty  in  establishing  autologous  tumour  cell 
cultures,  especially  from  solid  tumour  nodules,  and  issues  of 
cost  may  be  important  shortcomings. 

Preparation  of  whole  tumour  cell  vaccines  is  critical  for 
determining  immunogenicity.  In  order  to  increase  the 
immunogenicity  of  whole-cell  tumour  vaccines,  cells  have 
been  associated  with  specific  adjuvant  haptens,  such  as 
dinitrophenyl  (DNP),  which  can  trigger  a  strong  inflamma¬ 
tory  response.  A  recent  clinical  Phase  I  trial  using 
DNP-modified  autologous  ovarian  tumour  cells  in  stage  III 
patients  reported  no  acute  toxicities.  Some  patients  devel¬ 
oped  a  measurable  immune  response,  although  no  clinically 
meaningful  responses  were  observed  [162].  A  promising 
approach  is  being  tested  at  present  at  Dana  Farber,  where 
patients  receive  autologous  tumour  cells  transfected  with 
recombinant  replication-restricted  adenovirus  encoding 


GM-CSF.  A  similar  trial  in  early  and  advanced  stage 
non-small  cell  lung  cancer  showed  a  10%  complete  response 
rate  lasting  6  —  22  months  and  overall  longer  survival  in 
patients  receiving  vaccines  secreting  higher  amounts  of 
GM-CSF  [163].  Promising  results  were  also  reported  in 
melanoma  with  this  approach  [164]. 

An  alternative  approach  proposed  entails  the  use  of 
‘exosomes’,  membranous  material  released  by  tumours  and 
abundantly  found  in  ascites.  Exosomes  express  class  I  MHC 
and  TAAs,  and  may  be  suitable  for  tumour  vaccination  [165]. 
However,  exosomes  were  recently  shown  to  also  express  FasL 
and  a  26-kDa  factor  inducing  T  cell  suppression,  resulting  in 
CD3-zeta  and  JAK-3  downregulation,  and  induction  of 
apoptosis  in  cytotoxic  T  cells  [166]. 

A  viable  alternative  is  offered  by  DC  vaccines,  prepared  by 
pulsing  autologous  DCs  with  dead  tumour  cells.  DCs  are  effi¬ 
cient  at  presenting  antigens  captured  from  apoptotic  or  necrotic 
cells  [167],  although  apoptotic  cells  may  provide  less  potent 
maturation-inducing  signals  than  necrotic  cells  [168].  Thus,  the 
method  of  preparation  of  tumour  cells  is  also  critical  in  this 
context,  and  addition  of  inflammatory  molecules  or  moieties 
derived  from  pathogens  may  enhance  DC  performance.  A 
promising  variation  for  the  design  of  cancer  vaccines  involves 
the  fusion  of  whole  tumour  cells  with  DCs.  The  DC-tumour 
fusion  presents  a  variety  of  TAAs  to  T  cells  in  the  presence  of 
costimulatory  signals.  Some  encouraging  results  have  been 
obtained  in  ovarian  cancer  [160]  and  other  tumours  [169]. 

Yet  another  approach  to  whole  tumour  vaccination  has 
used  virus  extracts  to  increase  whole-cell  vaccine  immuno¬ 
genicity,  based  on  the  observation  that  viruses  can  be  highly 
inflammatory.  This  led  to  the  development  of  a  variety  of  viral 
oncolysates  for  use  in  clinical  trials  for  many  different  cancers, 
including  ovarian  cancer  [170-172].  Clinical  experimentation 
with  viral  oncolysate  vaccines  has  shown  that  antitumour 
immune  responses  may  be  elicited  in  select  patients. 
Freedman  et  al.  have  studied  the  use  of  UV-irradiated 
influenza-A  virus  to  produce  oncolysate  vaccine  prepared  with 
established  EOC  cell  lines  [173].  Treatment  consisted  of  several 
courses  of  intraperitoneal  or  intrapleural  oncolysate  adminis¬ 
tration.  Some  patients  experienced  several  months  of 
unexpected  progression-free  survival  and  few  exhibited  a 
significant  clinical  response  [174].  Other  important  work  with 
viral  oncolysates  has  been  carried  out  by  the  Heidelberg  group 
utilising  the  Newcastle  disease  virus  (NDV),  which  is 
non-pathogenic  in  humans  [175].  Remarkably,  they  found  that 
use  of  live  inactivated  low-dose  NDV  with  intact  tumour  cells 
had  superior  results  compared  with  tumour  lysates  and  led  to 
the  generation  of  specific  CTLs  with  antitumour  but  no 
antiviral  activity.  A  50%  2-year  survival  was  reported  in  a 
Phase  II  trial  using  repeated  doses  of  NDV-modified 
autologous  tumour  cells  in  31  patients  with  advanced 
EOC  [176].  Several  mechanisms  have  been  proposed  to  explain 
the  induction  of  antitumour  immune  response.  Virally 
induced  inflammatory  cytokines  or  chemokines  may  activate 
immune  cells;  viral/tumour  antigen  interactions  may  increase 
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the  uptake  of  tumour  antigens  by  DCs;  helper  T  cells  may  be 
activated  by  recall  immune  mechanisms  against  viral  antigens; 
and  tumour  cells  may  acquire  increased  immunogenicity 
owing  to  the  activation  of  danger  signals  [177-179]. 

3.2  Adoptive  therapies  with  antitumour  T  cells 

The  power  of  adoptively  transferred  TILs  has  been  brilliantly 
demonstrated  in  some  patients  with  melanoma.  Adoptive 
immunotherapy  with  autologous  tumour-reactive  T  cells 
expanded  ex  vivo  from  TILs,  immediately  following  a  condi¬ 
tioning  non-myeloablative  chemotherapy  regimen,  resulted  in 
significant  clinical  response  rate  in  patients  with  metastatic 
disease  [76].  Although  the  variety  of  treatments  previously 
received  by  enrolled  patients  makes  it  difficult  to  extrapolate 
the  results  to  a  particular  clinical  situation,  adoptive  transfer 
of  TILs  emerges  as  a  powerful  approach  against  advanced 
cancers.  In  that  context,  lymphoablative  chemotherapy 
appears  to  be  critical  for  the  expansion  of  antitumour  CD8+ 
T  cells,  owing  to  the  release  of  haematopoietic  cytokines  and, 
probably,  to  the  depletion  of  regulatory  T  cells  (Treg). 

In  ovarian  carcinoma  there  is  a  robust  rationale  for  the 
implementation  of  adoptive  T  cell  therapy.  Tumour-specific 
T  cells  have  been  detected  in  peripheral  blood  from  50%  of 
patients  [94].  In  addition,  it  was  found  that  approximately 
half  of  patients  with  advanced  ovarian  cancer  exhibit  T  cells 
infiltrating  tumour  islets  (intratumoural  T  cells).  The  detec¬ 
tion  of  intratumoural  T  cells  correlated  strongly  with 
dramatically  improved  overall  survival  [95].  A  significant 
correlation  was  found  between  the  presence  of  intratumoural 
T  cells  and  the  detection  of  peripheral  blood  T  cells  recognis¬ 
ing  tumour  antigens  in  10  consecutive  patients  with  ovarian 
cancer  studied  (manuscript  submitted).  Relevant  also  is 
evidence  that  tumour-specific  T  cell  lines  can  be  generated 
from  tumour-associated  T  cells  in  ~  50%  of  patients  [I80]. 
These  findings  suggest  that  the  adoptive  transfer  of  auto¬ 
logous  lymphocytes  may  represent  a  powerful  therapeutic 
tool  in  ovarian  carcinoma. 

Earlier  strategies  utilised  peripheral  blood  lymphocytes, 
tumour-associated  lymphocytes  (e.g.,  from  ascites)  or  TILs, 
which  were  expanded  and  activated  ex  vivo.  Typically,  T  cell 
expansion  was  achieved  with  IL-2  stimulation.  In  an  Italian 
study,  following  cytoreductive  surgery  28  patients  with 
advanced  ovarian  cancer  received  two  cycles  of  five  daily  intra- 
peritoneal  infusions  of  autologous  in  vitro  activated  peripheral 
blood  T  lymphocytes  retargeted  with  bispecific  monoclonal 
antibody  OC/TR,  which  is  directed  against  CD3  and  the 
folate  receptor,  plus  recombinant  IL-2.  A  27%  overall 
response  rate  and  10%  complete  response  rate  were  seen 
which  lasted  18  —  26  months  [I81].  There  was  evidence  of 
intraperitoneal  immune  response,  but  no  systemic  immune 
response  [182].  Although  results  in  terms  of  clinical  responses 
thus  far  have  not  been  impressive  and  the  IL-2  effect  could 
not  be  clearly  separated  from  the  immunisation  effect  in  terms 
of  the  response  rate  described,  adverse  reactions  were  quite 
mild  in  this  and  other  trials  [183]. 


Clearly,  numerous  parameters  call  for  optimisation.  For 
example,  the  ideal  procedure  for  the  expansion  of  tumour- 
derived  lymphocytes  requires  extensive  investigation.  Our 
current  understanding  on  the  critical  importance  of  T  cell 
costimulation  for  proper  T  cell  activation  and  effector  func¬ 
tion  may  partially  explain  failures  of  past  trials.  In  fact, 
evidence  suggests  that  in  the  absence  of  costimulatory  signals, 
such  as  those  provided  through  the  CD28  receptor 
pathway  [I84,i85],  antigen  presentation  leads  to  T  cell  anergy 
or  apoptotic  clonal  deletion  [186].  Costimulatory  signalling  to 
T  cells  may  be  provided  artificially  through  monoclonal  anti¬ 
bodies  directed  against  the  CD28  receptor  [I87].  Magnetic 
beads  coated  with  anti-CD3/anti-CD28  antibodies  represent 
a  much  more  efficient  strategy  [188[,  although  the  starting 
repertoire  of  CD8^  cells  may  not  be  preserved  during  culture. 
Artificial  APCs  coated  with  OKT3/anti-CD28  antibodies 
and  expressing  4- IBB  ligand  [189]  represent  a  promising 
advance,  as  they  prevent  apoptosis  in  CD8+  T  cells.  However, 
a  significant  proportion  of  tumour-infiltrating  CD8*  T  cells 
do  not  express  CD28.  These  can  be  still  expanded  by  artifi¬ 
cial  APCs  expressing  the  NKG2D  ligand  Letal  and  coated 
with  OKT3/CD28  antibodies  or  even  OKT3  alone,  as  the 
authors  recently  reported  [190]. 

Selection  of  input  lymphocyte  subsets  for  ex  vivo  expansion 
may  be  of  critical  importance  with  respect  to  feasibility  and 
efficacy.  TILs  presumably  contain  a  higher  frequency  of 
TAA-specific  T  cells  than  peripheral  blood  T  cells.  If  tumour- 
associated  lymphocytes  isolated  from  ascites  exhibited  similar 
antitumour  cytotoxic  properties  to  TILs  derived  from  solid 
tumour  nodules,  they  would  provide  a  convenient  source  for 
the  rapid  expansion  of  effector  cells,  as  cells  would  be  ready 
for  transfer  in  clinically  significant  amounts  (ideally  hundreds 
of  millions)  shortly  following  debulking.  Similarly,  the 
optimal  stage  of  differentiation  of  adoptively  transferred 
lymphocytes  requires  careful  evaluation.  Preliminary  studies 
suggest  that  differentiated  T  cells  are  less  effective  against 
in  vivo  models  of  cancer  than  naive  and  early  effector  CD8+ 
T  cells,  due  to  downregulation  of  costimulatory  molecules 
and  entry  into  a  senescence  state  (Gattinoni  et  al.,  pers. 
commun.).  This  paradoxical  observation  provides  new  criteria 
for  the  selection  of  ideal  lymphocyte  subsets  for  adoptive 
transfer.  The  use  of  specific  tumour  antigens  to  expand  effi¬ 
cient  clones  might  also  improve  the  reproducibility  of  treat¬ 
ments,  allowing  the  establishment  of  standard  protocols. 
Finally,  the  identification  of  CD4+CD25^  dreg  infiltrating 
ovarian  cancer  by  two  studies  [191,192]  raises  important 
questions  on  the  requirement  to  deplete  tumour-derived  Treg 
prior  to  the  expansion  of  T  cells  for  adoptive  transfer. 

Selection  of  patients  for  adoptive  lymphocyte  therapy  also 
requires  careful  evaluation.  At  this  point  it  is  not  known 
whether  all  patients  are  eligible  for  adoptive  lymphocyte  ther¬ 
apy.  For  example,  is  there  a  difference  between  patients  whose 
tumours  exhibit  intratumoural  T  cells  (~  50%  of  patients  in 
the  authors’  study)  and  those  whose  tumours  exhibit  T  cells 
only  in  the  stroma  surrounding  islets  (peritumoural  T  cells)? 
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Significant  differences  may  exist  in  lymphocyte  clonality, 
phenotype  and  potential  for  adoptive  therapy.  Certainly,  the 
results  from  the  NCI  melanoma  trial  do  indicate  that  signifi¬ 
cant  differences  may  exist  among  patients.  These  need  to  be 
understood  in  order  to  optimise  this  approach  [76,106,107]. 

3.3  Therapies  targeting  regulatory  T  cells 

A  critical  mechanism  of  peripheral  immune  tolerance  is  medi¬ 
ated  by  CD4+CD25^  Treg,  a  T  cell  subset  endowed  with 
powerful  suppressor  activity.  Treg  prevent  specific  T  cell 
immunity  by  suppressing  CD8^  T  cell  activation  and  secre¬ 
tion  of  IL-2  and  interferon  (IFN)-y.  Treg  inhibit  specific  cyto¬ 
toxicity  in  a  contact-dependent  fashion  and/or  through 
contact-independent,  paracrine  mechanisms  [193-195].  Ovarian 
cancer  has  been  the  tumour  model  in  which  Treg  were 
demonstrated  to  play  an  important  immunopathogenetic  role 
in  the  human.  The  first  evidence  for  the  contribution  of  Treg 
to  immune  dysfunction  in  cancer  in  humans  was  in  fact 
provided  in  patients  with  ovarian  cancer  and  lung  tumours, 
where  increased  frequency  of  transforming  growth  factor-P- 
secreting  Treg  with  potent  immunosuppressive  functions  were 
identified  in  tumour,  ascites  and  peripheral  blood  [192]. 
Tumour-infiltrating  Treg  profoundly  suppressed  the  function 
of  effector  and  cytotoxic  antitumour  T  cells  [196].  Further¬ 
more,  Treg  in  human  ovarian  cancer  were  recently  shown  to 
defeat  tumour  antigen-specific  immunity,  foster  tumour 
growth  and  predict  poor  patient  survival  [191]. 

At  present,  several  clinical  trials  are  testing  the  efficacy  of 
targeting  Treg.  Approaches  involve  the  use  of  an  anti-CTLA4 
monoclonal  antibody  [197, 198]  or  DAB389IL-2  diphtheria  toxin 
fusion  protein  (denileukin  diftitox,  ONTAK®,  Ligand 
Pharmaceuticals,  CA,  USA)  directed  against  IL-2  receptor/ 
CD25  [199].  Patients  with  recurrent,  multi-drug  resistant 
ovarian  cancer  have  been  treated  in  these  trials.  If  initial  data 
are  encouraging,  suppression  of  Treg  will  certainly  become  an 
important  component  of  tumour  immunotherapy  strategies. 

3.4  Cytokine  therapy 

Cytokines  such  as  IFN-a,  -P  or  -y,  IL-2  and  IL-12  are  believed 
to  contribute  to  the  proliferation  of  specific  populations  of 
leukocytes  involved  in  antitumour  immunity.  These  have  been 
used  in  numerous  clinical  trials  with  inconsistent  results.  Type  I 
IFNs  have  demonstrated  complex  antitumour  properties, 
including  direct  induction  of  cancer  cell  apoptosis  and  potent 
enhancement  of  antitumour  immune  responses  through  the 
stimulation  of  DCs  [200,201].  An  early  trial  in  which  recom¬ 
binant  human  (rh)IFN-P  protein  was  administered  intraperito- 
neally  twice-weekly  to  eight  patients  with  advanced  ovarian 
carcinomas  refractory  to  conventional  chemotherapy  yielded 
largely  negative  results,  with  the  growth  of  solid  tumour  lesions 
unaffected  in  all  but  one  patient  who  had  stable  disease. 
However,  IFN-P  treatment  induced  regression  of  ascites  in  four 
of  seven  patients  with  effusions  [202].  Phase  I/II  trials  show  that 
intraperitoneal  therapy  with  recombinant  IFN-a  alone  or 
combined  with  cisplatin  as  salvage  for  persistent  ovarian  cancer 


after  primary  chemotherapy  may  achieve  clinical  efficacy  in 
small  volume  disease  [203,204],  but  has  no  significant  effect  on 
recurrent,  platinum-resistant  disease  [205].  Failures  may  be  partly 
attributed  to  the  short  half-life  of  recombinant  IFN  proteins 
in  vivo  and  to  the  narrow  therapeutic  window  requiring  delivery 
of  low  doses  of  cytokine  [206]. 

In  a  Gynecologic  Oncology  Group  Phase  II  study,  intra¬ 
venous  rhIL-12  was  administered  to  patients  with  recurrent 
or  refractory  epithelial  ovarian  cancer  at  250  ng/kg  bolus  as 
a  single  dose  on  day  1  followed  by  a  2-week  rest  period,  with 
subsequent  cycles  administered  daily  for  5  days  followed  by 
a  16-day  rest  period  per  cycle.  No  significant  response  was 
observed,  but  >  50%  of  the  patients  experienced  disease 
stabilisation  [207].  In  a  Phase  I  study  of  weekly  intraperito¬ 
neal  rhIL-12,  a  10%  complete  response  and  ~  40%  disease 
stabilisation  were  observed  in  patients  with  peritoneal  carci¬ 
nomatosis  from  Mullerian  carcinomas,  gastrointestinal  tract 
carcinomas  and  peritoneal  mesothelioma.  More  frequent 
toxicities  included  fever,  fatigue,  abdominal  pain,  nausea 
and  catheter- related  infections  [208].  Unfortunately,  the 
Phase  II  clinical  trial  has  only  seen  prolonged  stability  in 
several  patients,  but  not  objective  responses. 

More  encouraging  results  have  been  reported  with  IFN-y 
and  IL-2.  Intraperitoneal  administration  of  rhIFN-y  has 
shown  a  promising  increase  in  survival  with  low  toxicity  [209]. 
Importantly,  a  threefold  prolongation  of  progression-free 
survival  was  observed  in  a  Phase  III  multi-centre  study  from 
Europe  with  subcutaneous  administration  of  rhIFN-y 
(100  |ig  every  other  day,  every  other  week)  combined  with 
upfront  cisplatin  and  cyclophosphamide  chemotherapy,  with 
minimal  added  toxicity  [210].  A  Phase  I/II  study  of  intraperi¬ 
toneal  rhIL-2  in  41  patients  with  laparotomy-confirmed 
persistent  or  recurrent  ovarian  cancer  showed  that  weekly 
IL-2  infusion  is  well-tolerated  and  demonstrates  evidence  of 
possible  long-term  efficacy  in  a  modest  number  of  patients.  A 
pathological  complete  response  rate  of  20%  was  seen  [211]. 
IL-2  enhances  the  cytotoxicity  of  T  cells,  but  it  can  also 
stimulate  Treg,  monocytes  and  macrophages  that  produce 
immunosuppressive  cytokines  in  mice  [212].  In  fact,  a  study 
reported  an  increase  in  IL-10  production  following  the 
administration  of  two  concentrations  of  IL-2  in  sequence 
with  IFN-y  [213]. 

Optimisation  of  intraperitoneal  cytokine  immune  therapy 
for  epithelial  ovarian  cancer  obviously  requires  maintaining 
intratumoural  cytokine  levels  sufficient  to  induce  antitumour 
responses.  Recombinant  cytokine  therapy  is  limited  by  the 
inability  to  achieve  high  intratumoural/intraperitoneal  doses 
without  eliciting  systemic  toxicity  and  by  the  short  half-life  of 
recombinant  proteins.  Gytokine  gene  therapy  using 
recombinant  viral  vectors  can  achieve  higher  and  sustained 
cytokine  levels  at  the  tumour  site  than  those  resulting  from 
systemic  or  regional  administration  of  recombinant  cytokine 
proteins  without  engendering  systemic  toxicity  [21 4]. 
Intraperitoneal  administration  of  recombinant  adenovirus 
delivering  mouse  IFN-P  (Ad. IFN-P)  has  demonstrated 
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marked  efficacy  in  preclinical  models  [215].  A  trial  of  intrapleural 
adenovirus  delivering  human  IFN-P  is  being  completed  at 
present  at  the  University  of  Pennsylvania.  Toxicity  has  been 
minimal.  One  patient  with  measurable,  recurrent, 
platinum-resistant  ovarian  carcinoma  achieved  complete 
response  of  both  pleural  and  intraperitoneal  disease  in  this 
trial  (Sterman  DH,  unpublished  observation). 

4.  Expert  opinion  and  conclusions 

In  summary,  significant  progress  bas  been  made  in  the  field  of 
HPV  vaccine  development.  The  recognition  of  high-risk 
HPV  as  the  primary  aetiological  agent  for  cervical  cancer  and 
its  precursor  lesions  has  paved  the  way  for  the  development  of 
preventative  and  therapeutic  HPV  vaccines  that  may  lead  to 
the  control  of  cervical  cancer  and  other  HPV-associated 
malignancies.  HPV  VLPs  show  promise  as  a  protective 
vaccine  capable  of  generating  neutralising  antibodies  to 
prevent  HPV  infection  in  patients.  However,  such  a  preventa¬ 
tive  vaccine  would  not  benefit  those  with  established  onco¬ 
genic  HPV  infections.  Given  the  prevalence  of  HPV 
infection,  it  is  therefore  critical  to  continue  in  parallel  the 
development  of  therapeutic  vaccine  approaches.  Many  experi¬ 
mental  HPV  vaccine  strategies,  including  vector-,  peptide-, 
protein-,  nucleic  acid-,  chimeric  VLP-  and  cell-based 
vaccines,  pseudovirions  and  RNA  replicons,  bave  been  shown 
to  enhance  HPV  antigen-specific  immune  cell  activity  and 
antitumour  responses  in  murine  tumour  systems.  Several  clin¬ 
ical  trials  are  underway  at  present,  based  on  encouraging 
preclinical  results  from  these  therapeutic  HPV  vaccines.  A 
head-to-head  comparison  of  these  vaccines  will  help  identify 
the  most  potent  therapeutic  HPV  vaccine  with  minimal 
negative  side  effects. 

While  the  cervical  cancer  vaccines  discussed  in  this  review 
are  mainly  focused  on  targeting  HPV  encoded  antigens, 
cervical  cancer  vaccines  can  also  target  non-HPV  endogenous 
antigens  that  are  uniquely  expressed  or  over  expressed  in 
cervical  cancers.  Quite  different  from  vaccines  targeting  HPV 
antigens,  which  are  foreign  antigens,  cancer  vaccines  targeting 
endogenous  antigens  have  specific  issues  such  as  tolerance.  In 
general,  the  response  to  human  cancer  vaccines  targeting 
endogenous  antigens  alone  was  poor,  and  it  was  only  when 
vaccine  treatment  was  combined  with  interleukin  (IL)-2, 
adoptive  therapy  and  lymphodepletion  that  beneficial  results 
were  observed  in  some  cancer  systems,  such  as  malignant 
melanoma  [76].  In  general,  most  tested  cancer  vaccines  are 
well-tolerated,  and  some  of  them  were  observed  to  induce 


specific  immune  responses  by  quantitative  T  cell  assays  such 
as  enzyme-linked  immunospot  using  peripheral  blood  mono¬ 
nuclear  cells.  However,  the  objective  clinical  response  rate  was 
low  [77].  Thus,  continuous  exploration  of  new  strategies  to 
enhance  cancer  vaccine  potency  may  facilitate  the  generation 
of  better  cancer  vaccines  targeting  endogenous  antigens. 

Clinical  HPV  vaccine  trials  provide  a  unique  opportunity 
to  identify  the  characteristics  and  mechanisms  of  the  immune 
response  that  best  correlate  with  clinical  vaccine  potency. 
Such  immunological  parameters  will  help  define  protective 
and  therapeutic  immune  mechanisms  for  controlling  HPV 
infections  and  HPV-related  disease.  Rational  development  of 
more  effective  vaccines  for  HPV  infections  would  be  greatly 
facilitated  by  comprehensive  information  on  these  protective 
immune  mechanisms  in  humans.  With  continued  endeavours 
in  HPV  vaccine  development,  we  may  soon  be  able  to  imple¬ 
ment  a  variety  of  safe  and  effective  strategies  for  the  eventual 
control  of  HPV-associated  cervical  cancer. 

Promising  results  in  ovarian  cancer  immunotherapy 
compel  us  to  continue  efforts  in  order  to  optimise  immuno¬ 
therapy  methodologies,  define  and  validate  patient  selection 
criteria  and  test  combinatorial  therapy  approaches.  A  major 
effort  must  be  dedicated  towards  defining  and  validating 
T  cell  tumour  antigens  that  are  suitable  for  vaccine  therapy. 
The  combination  of  vaccination  with  immunomodulation 
through  depletion  of  Treg  is  a  very  promising  approach  that 
warrants  further  investigation.  Given  the  overall  poor 
performance  of  therapeutic  vaccination  in  patients  with 
advanced,  bulky  tumours  [77],  this  approach  is  probably  best 
applied  in  the  adjuvant  setting,  in  patients  with  advanced 
stage  tumours  following  complete  response  to  chemo¬ 
therapy,  and/ or  in  patients  with  early  disease  at  high  risk  for 
recurrence.  Adoptive  cell  therapy  should  be  more  successful 
at  treating  measurable  disease.  Significant  efforts  have  to 
focus  on  optimising  the  recovery,  selection  and  ex  vivo 
expansion  of  lymphocytes  for  adoptive  transfer.  Develop¬ 
ment  of  combinatorial  approaches  incorporating  cytotoxic 
and/or  lymphodepleting  chemotherapy,  cytokines,  vaccina¬ 
tion,  Treg-depleting  therapy  and  adoptive  lymphocyte  ther¬ 
apy  is  likely  to  maximise  our  therapeutic  success  against 
ovarian  cancer. 
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INTRODUCTION 

Metastatic  ovarian  cancer  is  almost  an  incurable  disease  and  is  responsible  for  the  highest 
mortality  rate  (20%)  among  patients  with  gynecologic  malignancies.  Current  efforts  to  reduce  this 
mortality  rate,  including  improvement  of  early  detection  and  treatment,  have  been  relatively 
unsuccessful.  Existing  therapies  for  advanced  disease,  such  as  chemotherapy  and  radiation  therapy, 
rarely  result  in  long-term  benefits  in  patients  with  locally  advanced  and  metastatic  disease.'"^ 
Immunotherapy  provides  a  promising  alternative  approach  for  the  control  of  ovarian  cancer. 

The  ideal  cancer  therapy  should  have  the  potency  to  eradicate  systemic  tumors  and  control 
metastases,  as  well  as  the  specificity  to  discriminate  between  malignant  and  normal  cells.  In  both  of 
these  respects,  the  immune  system  is  an  attractive  candidate.  The  immune  system  has  multiple 
complementary  effector  mechanisms  capable  of  killing  target  cells,  including  T  cells,  macrophages, 
granulocytes,  and  natural  killer  cells.  T  cells  can  generate  tumor-specific  immune  responses  via  a  vast 
array  of  clonally  distributed  antigen  receptors,  which  can  recognize  tumor-specific  antigens.  It  is  well 
established  that  T  cells  recognize  peptide  fragments  of  cellular  proteins  bound  to  major 
histocompatibility  complex  (MHC)  molecules  on  the  surfaces  of  cells,  and  any  cellular  protein 
(including  those  from  which  tumor  antigens  derive)  can  be  presented  to  T  cells  in  this  way.  Thus, 
identification  of  tumor-associated  antigens  uniquely  expressed  in  ovarian  cancer  is  important  for  the 
development  of  antigen-specific  cancer  immunotherapy.  Mesothelin  represents  an  ideal  target  antigen 
for  the  control  of  ovarian  cancers  since  it  is  expressed  in  over  95%  of  ovarian  cancers  and  is  absent  or 
expressed  at  low  levels  in  normal  tissues."^ 

DNA  vaccines  targeting  human  mesothelin  provide  a  potentially  effective  approach  for  the 
control  of  mesothelin-expressing  ovarian  cancer.  DNA  vaccines  are  considered  to  be  a  potentially 
promising  form  of  vaccine  for  the  control  of  infectious  diseases  and  cancers  since  they  offer  many 
advantages  over  other  conventional  vaccines  such  as  peptide  or  attenuated  live  pathogens.  For 
instance,  DNA  vaccines  are  relatively  safe  and  can  be  administered  repeatedly  without  adverse  effects. 
In  addition,  DNA  vaccines  are  relatively  easy  to  produce  on  a  large  scale  and  are  able  to  yield  products 
with  high  purity  and  stability.  Most  importantly,  effective  DNA  vaccine  delivery  systems,  such  as  the 
direct  intradermal  administration  of  DNA  vaccines  via  gene  gun  to  professional  antigen  presenting 
cells  (APCs),  have  been  well  established.  Using  this  delivery  method,  we  have  previously  developed 
several  irmovative  strategies  to  enhance  DNA  vaccine  potency  by  modifying  the  properties  of  DNA- 
transfected  APCs  (for  reviews,  see  ^’^). 

One  of  the  strategies  that  we  have  recently  developed  to  enhance  DNA  vaccine  potency  is  the 
employment  of  single-chain  trimer  (SCT)  technology  to  bypass  antigen  processing  and  ensure  stable 
MHC  class  I  presentation  of  the  antigenic  peptide  by  transfected  APCs.  We  have  previously 
constructed  a  DNA  vaccine  encoding  an  SCT  composed  of  an  immunodominant  CTL  epitope  of 
human  papillomavirus  type  16  (HPV-16)  E6  antigen,  p2m,  and  H-2K*’  MHC  class  I  heavy  chain 
(pIRES-E6-(32m-K*’).  Transfection  of  human  embryonic  kidney  cells  (293  cells)  with  pIRES-E6-(32m- 
K*’  DNA  has  been  shown  to  bypass  antigen  processing  and  lead  to  stable  presentation  of  E6  peptide. 
Furthermore,  C57BL/6  mice  vaccinated  with  pIRES-E6-(32m-K’’  exhibited  significantly  increased  E6 
peptide-specific  CD8^  T  cell  immune  responses  and  more  potent  anti-tumor  effects  against  E6- 
expressing  tumors  compared  to  mice  vaccinated  with  DNA  encoding  wild-type  E6.^  These  findings 
indicate  that  a  DNA  vaccine  encoding  a  SCT  may  potentially  improve  DNA  vaccine  potency  and  elicit 
antigen-specific  immune  responses  capable  of  controlling  tumors  or  infectious  diseases. 
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In  the  current  study,  we  have  evaluated  the  efficacy  of  a  DNA  vaccine  employing  an  SCT  targeting 
a  human  mesothelin-specific  CTL  epitope  (aa540-549)  using  HLA-A2  transgenic  mice.  HLA-A2 
transgenic  mice  have  extensively  been  used  to  identify  functional,  human  CTL  epitopes  and  to 
evaluate  the  efficacy  of  candidate  vaccines,  since  these  transgenic  mice  may  have  CTL  repertoires 
similar  to  those  of  humans.  We  demonstrated  that  HLA-A2  transgenic  mice  vaccinated  with  DNA 
employing  an  SCT  of  HLA-A2  linked  to  the  human  mesothelin  epitope  aa540-549  (pcDNAS- 
Hmeso540-(32m-A2)  were  capable  of  generating  strong  human  mesothelin  peptide  (aa540-549)- 
specific  CD8^  T  cell  immune  responses.  Furthermore,  mice  vaccinated  with  pcDNA3-Hmeso540- 
(32m- A2  were  able  to  more  effectively  prevent  the  growth  of  HLA-A2  positive,  human  mesothelin- 
expressing  tumor  cell  lines  compared  to  vaccination  with  control  DNA.  The  implications  of  this 
approach  for  clinical  application  were  discussed. 

BODY 

Cells  transfected  with  DNA  encoding  human  mesothelin  (pcDNA3-Hmeso)  or  infected  with 
vaccinia  encoding  human  mesothelin  (Vac-Hmeso)  express  human  mesothelin 

To  characterize  human  mesothelin  expression  of  cells  transfected  with  DNA  or  infected  with 
vaccinia,  TK-  cells  were  either  transfected  with  pcDNA3-Hmeso  or  infected  with  Vac-Hmeso  vaccinia. 
Transfected  or  infected  cells  were  characterized  by  staining  with  human  mesothelin-specific  antibodies 
followed  by  flow  cytometry  analysis.  TK-  cells  transfected  with  pcDNA3-Hmeso  expressed  human 
mesothelin,  as  shown  in  Figure  lA.  In  contrast,  TK-  cells  transfected  with  pcDNA3  vector  did  not 
express  human  mesothelin.  Similarly,  TK-  cells  infected  with  Vac-Hmeso  expressed  human  mesothelin, 
while  TK-  cells  infected  with  wild  type  vaccinia  did  not  express  human  mesothelin  (Figure  IB).  These 
results  confirm  that  we  have  successfully  generated  a  human  mesothelin-expressing  DNA  construct  and 
vaccinia  virus. 
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Figure  1.  Flow  cytometry  analysis  to 
characterize  human  mesothelin 
expression  of  cells  transfected  with 
DNA  or  infected  with  vaccinia.  (A) 

TK-  cells  transfected  with  pcDNA3- 
Hmeso  (filled  histogram)  or  pcDNA3 
vector  (clear  histogram).  (B)  TK-  cells 
infected  with  Vac-Hmeso  (filled 
histogram)  or  wild-type  vaccinia  (clear 
histogram).  Transfected  or  infected 
TK-  cells  were  stained  with  human 
mesothelin-specific  antibodies  and 
characterized  by  flow  cytometry 
analysis. 
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Identification  of  human  mesothelin  epitopes  aall6-125  and  aa540-549  as  HLA-A2-restricted 
human  mesothelin-specific  CTL  epitopes 

The  availability  of  a  human  mesothelin- expressing  DNA  eonstruet  and  vaeeinia  virus  allows  us 
to  design  prime  and  boost  vaeeination  regimens  in  order  to  generate  high  numbers  of  human  mesothelin- 
speeifie  CD8^  T  eells  in  vaeeinated  miee.  Using  splenoeytes  derived  from  HLA-A2  transgenie  miee 
vaeeinated  with  poDNA3-Hmeso  and  boosted  with  Vae-Hmeso,  we  were  able  to  develop  quantitative 
human  mesothelin-speeifie  CD8^  T  eell  immunologieal  assays.  In  order  to  identify  eandidate  HLA-A2- 
restrieted  human  mesothelin-speeifie  CTL  epitopes,  we  used  the  Bioinformaties  &  Moleeular  Analysis 
Seetion  (BIMAS)  database  for  HLA-A2  peptide  binding  predietions.  We  identified  several  eandidate  9- 
or  10-residue  peptides  for  human  mesothelin.  Their  positions,  MHC  restrietions,  sequenees  and  seores 
are  presented  in  Table  1. 

Table  1.  Candidate  HLA-A2  restricted  human  mesothelin-specific  CTL  epitopes  predicted  by 
BIMAS 


Peptide  name 
Start  position 

MHC  class  I 

Peptide  sequence 

BIMAS  score 

Peptide-20 

HLA2 

SLLFLLFSL 

1054 

Peptide- 17 

HLA2 

ALGSLLFLL 

284 

Peptide-64 

HLA2 

QLLGFPCAEV 

257 

Peptide- 1 16 

HLA2 

ALPLDLLLFL 

270 

Peptide-530 

HLA2 

VLPLTVAEV 

271 

Peptide-540 

HLA2 

KLEGPHVEGE 

311 

Peptide-602 

HLA2 

EEGPGPVETV 

271 

Bioinformaties  &  Moleeular  Analysis  Seetion  (BIMAS)  was  used  to  analyze  various  9-residue 
peptides  from  mesothelin  for  H-2  binding  predietions.  The  sequenees,  positions,  MHC  restrietions, 
and  seores  (aeeording  to  the  numbers  of  mesothelin-speeifie,  IFN-y-expressing  CTLs  generated  by  the 
eandidate  peptide)  of  the  potential  human  mesothelin  epitopes  were  determined. 

To  determine  whieh  eandidate  peptides  represent  true  HLA-A2-restrieted  human  mesothelin- 
speeifie  CTL  epitopes,  we  used  the  eandidate  peptides  identified  by  BIMAS  to  stimulate  splenoeytes 
from  vaeeinated  HLA-A2  transgenie  miee.  As  shown  in  Figure  2,  splenoeytes  from  vaeeinated  miee 
pulsed  with  human  mesothelin  peptides  aal  16-125  or  aa540-549  generated  signifieantly  greater  numbers 
of  human  mesothelin-speeifie,  IFN-y-expressing  CTLs  than  splenoeytes  pulsed  with  the  other  human 
mesothelin  peptides  (p<0.001).  These  data  indieate  that  the  human  mesothelin  peptides  aal  16-125  and 
aa540-549  ean  be  reeognized  by  CD8^  T  eells  generated  by  HLA-A2  transgenie  miee  primed  with 
pcDNA3-Hmeso  and  boosted  with  Vae-Hmeso.  Furthermore,  there  are  no  CD8-speoifio  T  eell  responses 
to  these  epitopes  when  using  the  same  vaeeines  to  vaeeinate  C57BL/6  miee  (data  not  shown).  Thus, 
these  data  eonfirm  that  aal  16-125  and  aa540-549  human  mesothelin  epitopes  are  HLA-A2-restrieted 
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human  mesothelin-specific  CTL  epitopes  but  not  H-2  D*’,  K’’-restrioted  CTL  epitopes.  Furthermore, 
between  these  two  identified  peptides,  aa540-549  generated  greater  numbers  of  IFN-y-expressing  CTLs 
than  aal  16-125. 
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Figure  2.  Intracellular  cytokine  staining  followed  by  flow 
cytometry  analysis  to  characterize  HL A- A2 -restricted  human 
mesothelin-speciflc  CTL  epitopes.  HLA-A2  transgenic  mice 
were  vaccinated  with  2pg/mouse  of  pCDNA3-Hmeso  followed 
by  an  intraperitoneal  booster  with  Vac-Hmeso  (1  x  10^ 
pfu/mouse).  Splenocytes  were  harvested  one  week  after  the  last 
vaccination  and  stimulated  with  various  candidate  human 
mesothelin  epitopes  (see  Table  1)  for  16  hours.  Activation  of 
human  mesothelin-specific  CD8^  T  cells  was  determined  by 
intracellular  cytokine  staining  for  CDS  and  IFN-y  expression.  (A) 
Representative  figure  of  flow  cytometry  data.  (B)  Bar  graph 
depicting  number  of  IFN-y-expressing  human  mesothelin-specific 
CDS^  T  cells  out  of  3  X  10^  splenocytes  isolated  from  vaccinated 
mice. 


Vaccination  with  pcDNA3-Hnieso540-p2m-A2  enhances  the  human  mesothelin-specific  CD8^  T  cell 
responses  in  vaccinated  HLA-A2  transgenic  mice 

The  identification  of  aa540-549  as  a  strong  HLA-A2-restricted  human  mesothelin-specific  CTL 
epitope  allowed  us  to  generate  a  DNA  vaccine  encoding  a  SCT  of  HLA-A2  linked  to  this  epitope 
(pcDNA3-Hmeso540-(32m-A2)  (Figure  3).  We  also  generated  a  DNA  vaccine  encoding  an  SCT  of  HLA- 
A2  linked  to  OVA  (pcDNA3-OVA-(32m-A2)  as  a  negative  control. 
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Figure  3.  Diagrams  depicting  structure 
of  our  SCT  and  structures  of  chimeric 
DNA  constructs.  (A)  Diagram  of  a 
peptide: |32m:MHC  SCT  on  cell  surface. 
(B)  Diagram  of  an  SCT  encoding  human 
mesothelin  aa540-549  linked  to  |32m  and 
an  HLA-A2-restricted  MHC  Class  I 
molecule,  and  a  SCT  encoding  OVA 
linked  to  |32m  and  an  HLA-A2-restricted 
MHC  Class  I  molecule.  Each  was  cloned 
into  the  pcDNA3  vector  to  make  the  DNA 
vaccines  used  in  the  study. 


To  assess  the  immunogenicity  of  our  DNA  vaceine,  we  vaccinated  mice  with  pcDNA3- 
Hmeso540-(32m-A2  or  pcDNA3-OVA-(32m-A2  and  then  performed  intracellular  cytokine  staining  with 
flow  cytometry  analysis  to  characterize  human  mesothelin-specific  CD8^  T  cell  precursors  using  human 
mesothelin  aa540-549  peptide  as  a  stimulant.  HLA-A2  transgenic  mice  vaccinated  with  pcDNA3- 
Hmeso540-(32m-A2  generated  a  significantly  higher  frequency  of  human  mesothelin-specific  IFN-y- 
secreting  CD8^  T  cell  precursors  compared  to  mice  immunized  with  pcDNA3-OVA-(32m-A2  (Figure  4). 
These  data  indicate  that  vaccination  with  DNA  encoding  an  SCT  of  HLA-A2  linked  to  a  human 
mesothelin-specific  CTL  epitope  is  capable  of  generating  strong  human  mesothelin-speciftc  CD8^  T  cell 
immune  responses  in  HLA-A2  transgenic  mice. 


Figure  4.  Characterization  of  human  mesothelin-specific 
CD8^  T  cells  in  vaccinated  HLA-A2  transgenic  mice.  Mice 
(5  per  group)  were  immunized  with  pcDNA3-OVA-(32m-A2  or 
pcDNA3-Hmeso540-|32m-A2.  Splenocytes  from  vaccinated 
mice  were  collected  and  stimulated  with  human  mesothelin- 
specific  peptides  (aa540-549).  Intracellular  cytokine  staining 
followed  by  flow  cytometry  analysis  was  performed.  (A) 
Representative  figure  of  the  flow  cytometry  data.  (B)  Bar  graph 
depicting  the  number  of  human  mesothelin  peptide  (aa540- 
549)-specific  IFN-y-secreting  CD8^  T  cell  precursors/3  x  10^ 
splenocytes  (mean±SD).  The  data  presented  in  this  figure  are 
from  one  representative  experiment  of  two  performed. 


A  syngeneic  tumor  cell  line  that  expresses  human  mesothelin  and  HLA-A2 

In  order  to  generate  a  tumor  cell  line  expressing  human  mesothelin  and  HLA-A2  for  use  in  tumor 
prevention  experiments  in  HLA-A2  transgenic  mice,  we  have  transduced  TC-1/A2  cell  lines  with  a 
retrovirus  containing  human  mesothelin  to  generate  TC-l/A2/Hmeso.  We  have  previously  generated  an 
HLA-A2-expressing  murine  tumor  model,  TC-1/A2,  that  is  capable  of  growing  consistently  in  HLA-A2 
transgenic  mice  through  subcutaneous  injection  We  have  further  characterized  the  expression  of  HLA- 
A2  and  human  mesothelin  in  TC-l/A2/Hmeso  cells  using  flow  cytometry  analyses.  TC-1  cells  were 
used  as  negative  controls.  As  shown  in  Figure  5,  TC-l/A2/Hmeso  cells  (filled  histogram)  showed 
significantly  higher  expression  of  both  HLA-A2  and  human  mesothelin  compared  to  TC-1  cell  lines 
(clear  histogram).  These  data  indicate  that  the  TC-l/A2/Hmeso  tumor  cell  line  is  successfully 
engineered  to  express  significant  levels  of  both  HLA-A2  and  human  mesothelin  proteins.  Furthermore, 
TC-l/A2/Hmeso  was  able  to  successfully  grow  in  HLA-A2  transgenic  mice  when  subcutaneously 
challenged  after  DNA  vaccination. 
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Figure  5.  Flow  cytometry  analysis  to 
demonstrate  the  expression  of  HLA-A2  and 
human  mesothelin  in  TC-l/A2/Hmeso  cell  line. 

TC-l/A2/Hmeso  was  generated  by  transducing 
TC-1/A2  with  a  retrovirus  containing  human 
mesothelin  as  described  in  the  Materials  and 
Methods.  (A)  Characterization  of  HLA-A2 
expression  in  TC-l/A2/Hmeso  (filled  histogram) 
and  TC-1  (clear  histogram).  The  cell  lines  were 
stained  with  HLA-A2-specifrc  monoclonal 
antibody  followed  by  flow  cytometry  analysis. 
(B)  Characterization  of  human  mesothelin 
expression  in  TC-1  TC-l/A2/Hmeso  (filled 
histogram)  and  TC-1  (clear  histogram).  The  cell 
lines  were  stained  with  human  mesothelin- 
specific  antibody  followed  by  flow  cytometry 
analysis. 
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pcDNA3-Hmeso540-p2iii-A2  vaccination  prevents  the  growth  of  human  mesothelin-expressing 
TC-l/A2/Hmeso  tumors  in  mice 


Given  the  immunogenieity  of  peDNA3-Hmeso540-|32m-A2  (see  Figure  4),  we  next  explored 
whether  it  eould  elieit  effeetive  proteetive  anti-tumor  effeets  against  the  HLA-A2  positive,  human 
mesothelin-expressing  tumor  cell  line,  TC-l/A2/Hmeso.  Tumor  cells  were  injected  subcutaneously  one 
week  after  DNA  vaccination.  During  a  6-week  follow-up  period,  60%  of  mice  receiving  pcDNA3- 
Hmeso540-(32m-A2  remained  tumor  free.  All  of  the  pcDNA3-OVA-|32m-A2-immunized  mice  exhibited 
tumor  growth  by  the  second  week  (Figure  6).  This  suggests  that  vaccination  with  pcDNA3-Hmeso540- 
|32m-A2  can  generate  significant  protective  effects  against  human  mesothelin-expressing  tumors.  Thus, 
our  data  indicate  that  a  DNA  vaccine  encoding  an  SCT  of  a  human  MHC  class  I  molecule  linked  to  a 
CTL  epitope  from  human  mesothelin  antigen  is  capable  of  generating  a  strong  antigen-specific  CD8^  T 
cell  immune  response  and  antitumor  effects  in  vaccinated  HLA-A2  transgenic  mice. 


Days  after  tumor  challenge 


Figure  6.  In  vivo  tumor  protection  experiment 
to  demonstrate  the  antitumor  effect  generated 
by  pcDNA3-Hmeso540-p2m-A2  against 
human  mesothelin-expressing  TC-l/A2/Hmeso 
tumors  in  HLA-A2  transgenic  mice.  Mice  (5 
per  group)  were  immunized  with  OVA-|32m-A2 
or  Hmeso540-|32m-A2  four  times  at  one-week 
interval.  At  1  week  after  the  last  vaccination, 
mice  were  challenged  subcutaneously  with  5x10"^ 
TC-l/A2/Hmeso  cells/mouse  and  monitored  for 
evidence  of  tumor  growth  by  palpation  and 
inspection  thrice  a  week. 


KEY  RESEARCH  ACCOMPLISHMENTS 

♦  We  have  identified  human  mesothelin  epitopes  aal  16-125  and  aa540-549  as  HL A- A2 -restricted 
human  mesothelin-specific  CTL  epitopes. 

♦  We  have  shown  that  vaccination  with  pcDNA3-Hmeso540-(32m-A2  DNA  enhances  the  human 
mesothelin-specific  CD8^  T  cell  responses  in  vaccinated  HLA-A2  transgenic  mice. 

♦  We  have  generated  a  syngeneic  tumor  cell  line  expresses  human  mesothelin  and  HLA-A2. 

♦  We  have  shown  that  pcDNA3-Hmeso540-(32m-A2  vaccination  prevents  the  growth  of  human 
mesothelin-expressing  TC-l/A2/Hmeso  tumors  in  HLA-A2  transgenic  mice. 


REPORTABLE  OUTCOMES 
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C.-F.  Hung,  R.  Calizo,  Y.-C.  Tsai,  L.  He,  and  T.-C.  Wu  (2006)  A  DNA  vaccine  encoding  a  single-chain 
trimer  of  HLA-A2  linked  to  human  mesothelin  peptide  generates  anti-tumor  effects  against  human 
mesothelin-expressing  tumors.  Vaccine  (in  press) 

C.  -F.  Hung,  Y.-C.  Tsai,  L.  He,  and  T.-C.  Wu  (2006)  Control  of  mesothelin-expressing  ovarian  cancer 
using  adoptive  transfer  of  mesothelin  peptide-specific  CD8+  T  cells.  Gene  Therapy  (in  press) 


CONCLUSIONS 

The  employment  of  single-chain  trimers  (SCT)  of  HLA-A2  linked  to  the  human  mesothelin 
epitope  aa540-549  represents  a  potential  opportunity  for  the  clinical  translation  of  DNA  vaccines  against 
human  mesothelin-expressing  tumors,  particularly  ovarian  cancer  cells. 
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Abstract 

Mesothelin  is  highly  expressed  in  a  majority  of  ovarian  cancer  cells  and  is  expressed  at  low  levels  in  normal  cells.  Therefore,  mesothelin 
represents  a  potential  target  antigen  for  ovarian  cancer  vaccine  development.  DNA  vaccines  employing  single-chain  trimers  (SCT)  have  been 
shown  to  bypass  antigen  processing  and  presentation  and  result  in  significant  enhancement  of  DNA  vaccine  potency.  In  the  current  study,  we 
created  a  DNA  vaccine  employing  an  SCT  targeting  human  mesothelin  and  characterized  the  ensuing  antigen-specific  CDS’^  T  cell-mediated 
immune  responses  and  anti-tumor  effects  against  human  mesothelin-expressing  tumors  in  HLA-A2  transgenic  mice.  Our  results  showed 
that  vaccination  with  DNA  employing  an  SCT  of  HLA-A2  linked  to  human  mesothelin  epitope  aa540-549  (pcDNA3-Hmeso540-p2m-A2) 
generated  strong  human  mesothelin  peptide  (aa540-549)-specific  CDS"^  T  cell  immune  responses  in  HLA-A2  transgenic  mice.  Vaccination 
with  pcDNA3-Hmeso540-p2m-A2  prevented  the  growth  of  HLA-A2  positive  human  mesothelin-expressing  tumor  cell  lines  in  HLA-A2 
transgenic  mice  in  contrast  to  vaccination  with  DNA  encoding  SCT  linked  to  OVA  CTL  epitope.  Thus,  the  employment  of  SCT  of  HLA-A2 
linked  to  the  human  mesothelin  epitope  aa540-549  represents  a  potential  opportunity  for  the  clinical  translation  of  DNA  vaccines  against 
human  mesothelin-expressing  tumors,  particularly  ovarian  cancer  cells. 

©  2006  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

Metastatic  ovarian  cancer  is  almost  an  incurable  dis¬ 
ease  and  is  responsible  for  the  highest  mortality  rate  among 
patients  with  gynecologic  malignancies.  Current  efforts  to 
reduce  this  mortality  rate,  including  improvement  of  early 
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detection  and  treatment,  have  been  relatively  unsuccessful. 
Existing  therapies  for  advanced  disease,  such  as  chemother¬ 
apy  and  radiation  therapy,  rarely  result  in  long-term  bene¬ 
fits  in  patients  with  locally  advanced  and  metastatic  disease 

[1-3]. 

The  ideal  cancer  therapy  should  have  the  potency  to  erad¬ 
icate  systemic  tumors  and  control  metastases  as  well  as  the 
specificity  to  discriminate  between  malignant  and  normal 
cells.  In  both  of  these  respects,  the  immune  system  is  an 
attractive  therapeutic  pathway.  The  immune  system  has  mul¬ 
tiple  complementary  effector  mechanisms  capable  of  killing 
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target  cells.  These  mechanisms  may  be  mediated  by  T  cells, 
macrophages,  granulocytes,  and  natural  killer  cells.  T  cells 
can  generate  tumor-specific  immune  responses  via  a  vast 
array  of  clonally  distributed  antigen  receptors,  which  can  rec¬ 
ognize  tumor-specific  antigens.  It  is  well  established  that  T 
cells  recognize  peptide  fragments  of  cellular  proteins  bound 
to  major  histocompatibility  complex  (MHC)  molecules  on 
the  surfaces  of  cells,  and  any  cellular  protein  (including  those 
from  which  tumor  antigens  derive)  can  be  presented  to  T  cells 
in  this  way.  Thus,  identification  of  tumor-associated  anti¬ 
gens  uniquely  expressed  in  ovarian  cancer  is  important  for 
the  development  of  antigen-specific  cancer  immunotherapy. 
Mesothelin  represents  a  potential  target  antigen  for  the  con¬ 
trol  of  ovarian  cancers  since  it  is  expressed  in  over  95%  of 
ovarian  cancers  and  is  absent  or  expressed  at  low  levels  in 
normal  tissues  [4]. 

DNA  vaccines  targeting  human  mesothelin  offer  a  poten¬ 
tially  effective  approach  to  the  control  of  mesothelin- 
expressing  ovarian  cancer.  DNA  vaccines  are  considered  to 
be  a  promising  form  of  vaccine  for  the  control  of  infectious 
diseases  and  cancers  since  they  offer  many  advantages  over 
other  conventional  vaccines  such  as  peptide  or  attenuated  live 
pathogens.  For  instance,  DNA  vaccines  are  relatively  safe 
and  can  be  administered  repeatedly  without  adverse  effects. 
In  addition,  DNA  vaccines  are  comparatively  easy  to  pro¬ 
duce  on  a  large  scale  and  are  able  to  yield  products  with 
high  purity  and  stability.  Most  importantly,  effective  DNA 
vaccine  delivery  systems,  such  as  direct  intradermal  adminis¬ 
tration  of  DNA  vaccines  via  gene  gun  to  professional  antigen 
presenting  cells  (APCs),  have  been  well  established.  Using 
this  delivery  method,  we  have  previously  developed  sev¬ 
eral  innovative  strategies  to  enhance  DNA  vaccine  potency 
by  modifying  the  properties  of  DNA-transfected  APCs  (for 
reviews,  see  [5,6]). 

One  of  the  strategies  that  we  have  recently  developed  to 
enhance  DNA  vaccine  potency  is  the  employment  of  single¬ 
chain  trimer  (SCT)  technology  to  bypass  antigen  processing 
and  ensure  stable  MHC  class  I  presentation  of  the  antigenic 
peptide  by  transfected  APCs.  We  have  previously  constructed 
a  DNA  vaccine  encoding  an  SCT  composed  of  an  immun¬ 
odominant  CTL  epitope  of  human  papillomavirus  type  16 
(HPV-16)  E6  antigen,  p2m,  and  H-2K'^  MHC  class  1  heavy 
chain  (pIRES-E6-(32m-K'’).  Transfection  of  human  embry¬ 
onic  kidney  cells  (293  cells)  with  pIRES-E6-(32m-K'’  has 
been  shown  to  bypass  antigen  processing  and  lead  to  the  sta¬ 
ble  presentation  of  E6  peptide.  Furthermore,  C57BL/6  mice 
vaccinated  with  pIRES-E6-(32m-K'’  exhibited  significantly 
increased  E6  peptide- specific  CDS'*'  T  cell  immune  responses 
and  more  potent  anti-tumor  effects  against  E6-expressing 
tumors  compared  to  mice  vaccinated  with  DNA  encoding 
wild-type  E6  [7].  These  findings  indicate  that  a  DNA  vac¬ 
cine  encoding  an  SCT  may  potentially  improve  DNA  vaccine 
potency  and  elicit  antigen-specific  immune  responses  capa¬ 
ble  of  controlling  tumors  or  infectious  diseases. 

In  the  current  study,  we  evaluated  the  efficacy  of  a  DNA 
vaccine  employing  an  SCT  targeting  a  human  mesothelin- 


specific  CTL  epitope  (aa540-549)  using  HLA-A2  trans¬ 
genic  mice.  HLA-A2  transgenic  mice  have  extensively 
been  used  to  identify  functional,  human  CTL  epitopes 
and  to  evaluate  the  efficacy  of  candidate  vaccines,  since 
these  transgenic  mice  may  have  CTL  repertoires  similar 
to  those  of  humans.  We  demonstrated  that  HLA-A2  trans¬ 
genic  mice  vaccinated  with  DNA  employing  an  SCT  of 
HLA-A2  linked  to  the  human  mesothelin  epitope  aa540-549 
(pcDNA3-Hmeso540-p2m-A2)  were  capable  of  generat¬ 
ing  strong  human  mesothelin  peptide  (aa540-549)-specific 
CDS'*'  T  cell  immune  responses.  Furthermore,  mice  vacci¬ 
nated  with  pcDNA3-Hmeso540-(32m-A2  were  able  to  more 
effectively  prevent  the  growth  of  HLA-A2  positive,  human 
mesothelin-expressing  tumor  cell  lines  compared  to  vaccina¬ 
tion  with  control  DNA.  The  implications  of  this  approach  for 
clinical  application  were  discussed. 

2.  Materials  and  methods 

2.1.  Plasmid  DNA  constructs  and  DNA  preparation 

To  clone  pcDNA3-Hmeso,  human  mesothelin  was  PCR 
amplified  by  primers  (5'-aaagaattcccctccctgggatctacacagacc- 
y  and  5'-tttagatctggccagggtggaggctaggag-30  and  full-length 
human  mesothelin  clone  (622  amino  acids,  GenBank  acces¬ 
sion  NM_005823)  from  incite  (Wilmington,  Delaware)  as  a 
template.  The  PCR  product  of  human  mesothelin  was  cloned 
into  the  EcoPMBamHl  sites  of  pcDNA3.1  mychis  (Invitro- 
gen).  To  generate  pMSCV(n)-Hmeso,  human  mesothelin  was 
cut  at  NotVAfKl  from  pcDNA3-Hmeso  and  cloned  into  the 
NotVEcoRl  sites  of  pMSCV(n). 

To  make  the  vaccinia  construct  PSCll-Hmeso,  human 
mesothelin  was  cut  from  pcDNA3-Hmeso  by  Not\IAfll\ 
and  cloned  into  the  Notl/SamI  sites  of  PSCII.  To  construct 
pIRES-Hmeso540-p2m-K'’,  an  insert  containing  the 
immunodominant  mesothelin  aa540-549  epitope  and  flank¬ 
ing  AgeUNhel  restriction  enzyme  sites  was  made  by  anneal¬ 
ing  two  single-stranded  oligo-nucleotides  (5'-ccggtttgtatgc- 
taaacttctgggaccccacgtggagggcctgggaggaggtg-3'  and  5'-ct- 
agcacctcctcccaggccctccacgtggggtcccagaagtttagcatacaaa-3')- 
It  was  then  cloned  into  pIRES-OVA-k'’  (pIRES-OVA-(3 
2m-K*’  gifted  from  T.H.  Hansen  (Department  of  Genetics, 
Washington  University  School  of  Medicine,  St.  Louis,  MO). 
To  construct  the  single-chain  trimer  pcDNA3-Hmeso540-P 
2m-A2,  HLA-A2  was  RT-PCR  amplified  by  primers  (5'-GG- 
TAGATCTggtggtggtggtagtggctctcactccatgaggta3-3'and  5'- 
GGGAAGCTTtcacgctttacaatctcggag-30  and  RNA  from 
HLA-A*0201/D‘*  transgenic  mice  as  a  template.  A2  PCR 
product  was  cut  at  Bglll/Hindlll  and  Hmeso540-(32m 
was  cut  at  Notl/BamHl  from  pIRES-Hmeso540-(32m-K*’. 
Both  fragments  were  cloned  into  the  Notl/Hindlll  sites  of 
pCDNA3.1  (— )  (Invitrogen).  To  generate  pcDNA3-OVA- 
P2m-A2,  Hmeso540-(32m  was  isolated  from  pcDNA3- 
Hmeso540-(32m-A2  and  replaced  by  OVA-p2m  from 
pIRES-OVA-p2m-K'’. 
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2.2.  Cells 

The  HPV-16  E6-expressing  murine  tumor  model,  TC-1, 
has  been  described  previously  [8].  Briefly,  TC-1  cells  were 
obtained  by  co-transformation  of  primary  C57BL/6  mice 
lung  epithelial  cells  by  HPV-16  E6,  E7  and  an  activated  ras 
oncogene.  TK-was  purchased  from  ATCC. 

To  generate  TC-l/A2/Hmeso  cell  line,  TC-1/A2  cells  [9] 
were  transduced  with  a  retrovirus  containing  HLA-A2  and 
human  mesothelin.  Briefly,  pMSCV(n)-Hmeso  was  trans¬ 
fected  into  Phoenix  packaging  cell  line  and  the  virion- 
containing  supernatant  was  collected  48  h  after  transfection. 
The  supernatant  was  immediately  clarified  using  a  0.45 -mm 
cellulose  acetate  syringe  filter  (Nalgene,  Rochester,  NY)  and 
used  to  infect  TC-1/A2  cells  in  the  presence  of  8  p.g/mL 
Polybrene  (Sigma,  St.  Louis,  MO).  TC-l/A2/Hmeso  cells 
were  isolated  by  preparative  flow  cytometry  of  stained  cells 
with  human  mesothelin  antibody  (Signet  laboratories  Ded¬ 
ham,  MA). 

2.3.  Mice 

HLA-A*0201/D‘*  (AAD)  transgenic  female  C57BL/6 
mice,  6-8  weeks  of  age,  were  kindly  provided  by  Dr.  Vic¬ 
tor  Engelhard  at  the  University  of  Virginia  Health  Sciences 
Center  [10].  These  transgenic  mice  express  a  chimeric  HLA- 
A2  class  I  molecule  comprising  the  a-1  and  -2  domains  of 
HLA-A*0201,  and  the  a-3  transmembrane  and  cytoplasmic 
domain  of  H-2D‘*.  This  allows  the  murine  CD8  molecule  on 
the  murine  CD8'''  T  cells  to  interact  with  the  syngeneic  a-3 
domain  of  the  chimeric  MHC  class  I  molecule.  Wild-type 
C57BL/6  female  mice  (6-8  weeks  old)  were  also  purchased 
from  the  National  Cancer  Institute.  All  animals  were  main¬ 
tained  under  specific  pathogen-free  conditions,  and  all  pro¬ 
cedures  were  performed  according  to  approved  protocols  and 
in  accordance  with  recommendations  for  the  proper  use  and 
care  of  laboratory  animals. 

2.4.  Generation  of  recombinant  vaccinia 

The  recombinant  vaccinia  virus  was  generated  by  fol¬ 
lowing  the  protocol  of  Earl  and  Moss  [11].  Briefly, 
PSCll-Hmeso  was  Iransfected  into  the  wild-type  vaccinia- 
infected  CV-1  using  Lipofectamine  2000  in  order  to  facil¬ 
itate  heterologous  recombination.  The  recombinant  vac¬ 
cinia  viruses  were  isolated  as  described  previously  [12]. 
Plaque-purified  recombinant  vaccinia  viruses  were  checked 
for  the  expression  of  mesothelin  protein  by  Western  blot 
analysis. 

2.5.  In  vitro  characterization  of  mesothelin  expression 

TK-cells  were  transfected  with  pcDNA3-Hmeso  or 
pcDNA3  vector  by  Lipofectamine  2000  (Invitrogen)  for  24  h. 
TK-cells  were  infected  with  Vac-Hmeso  or  wild-type  vac¬ 
cinia  with  Vac-luciferase  at  titres  of  1  MOI  (Mutiplicity  of 
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Infection)  for  24  h.  Transfected  or  infected  TK-cells  were 
stained  with  mouse  anti-human  mesothelin  antibody  (CAKl, 
Signet  Laboratories  Inc.,  Dedham,  MA)  and  anti-mouse  IgG- 
EITC  (Jackson  ImmunoResearch). 

2.6.  Vaccination  and  tumor  challenge 

DNA-coated  gold  particles  were  prepared  according  to  a 
previously  described  protocol  [13].  DNA-coated  gold  parti¬ 
cles  were  delivered  to  the  shaved  abdominal  region  of  mice 
using  a  helium-driven  gene  gun  (BioRad,  Hercules,  CA)  with 
a  discharge  pressure  of  400p.s.i.  For  the  identification  of 
human  mesothelin-specific  CTL  epitope,  HLA-A2  mice  were 
vaccinated  three  times  with  2  pg  of  pcDNA3-Hmeso  DNA 
vaccines  and  boosted  with  1  x  lO^PFU  vaccinia  encoding 
human  mesothelin.  For  the  characterization  of  anti-tumor 
effects  and  immune  responses  generated  by  DNA  vaccine 
encoding  an  SCT  technology,  HLA-A2  transgenic  mice  were 
immunized  with  2  pg  of  pcDNA3-Hmeso540-(32m-A2  or 
pcDNA-OVA-(32m-A2.  For  in  vivo  tumor  protection  exper¬ 
iments,  the  mice  received  three  boost  vaccinations  with 
the  same  dose  at  1-week  intervals.  Then  these  mice  were 
subcutaneously  challenged  with  5  x  10^  TC-l/A2/Hmeso 
tumor  cells  in  the  right  leg  and  then  monitored  once 
a  week. 

2.7.  Intracellular  cytokine  staining  and  flow  cytometry 
analysis 

Splenocytes  were  harvested  from  mice  1  week  after  the 
last  vaccination.  Cell  surface  CD8  marker  staining,  intra¬ 
cellular  IFN-y  staining  and  flow  cytometry  analysis  were 
performed  as  described  previously  [13].  Briefly,  4  x  10^ 
pooled  splenocytes  from  each  vaccination  group  were  incu¬ 
bated  with  1  pg/ml  of  specific  peptide  in  the  presence  of 
1  pl/ml  of  GolgiPlug  (BD  Pharmingen)  at  37  °C  overnight. 
Cells  are  then  washed  with  FACScan  buffer  and  stained 
with  phycoerythrin-conjugated  monoclonal  rat  anti-mouse 
CD8  antibody,  followed  by  intracellular  cytokine  staining 
with  FITC-conjugated  IFN-y  using  the  Cytofix/Cytoperm  kit 
according  to  the  manufacturer’s  instruction  (BD  Pharmin¬ 
gen,  San  Diego,  CA).  Analysis  was  performed  on  a 
Becton-Dickinson  FACScan  with  CELLQuest  software 
(Becton  Dickinson  Immunocytometry  System,  Mountain 
View,  CA). 

2.8.  Statistical  analysis 

All  data  expressed  as  means  ±  S.E.M.  are  representative 
of  at  least  two  different  experiments.  Data  for  intracellular 
cytokine  staining  with  flow  cytometry  analysis  were  eval¬ 
uated  by  AN OVA.  Comparisons  between  individual  data 
points  were  made  using  a  Student’s  t-test.  For  statisti¬ 
cal  analysis  of  the  tumor  protection  experiment,  we  used 
Kaplan-Meier  analysis. 
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3.  Results 

3.1.  Cells  transfected  with  DNA  encoding  human 
mesothelin  (pcDNA3—Hmeso)  or  infected  with  vaccinia 
encoding  human  mesothelin  (Vac-Hmeso)  express  human 
mesothelin 

To  characterize  human  mesothelin  expression  of  cells 
transfected  with  DNA  or  infected  with  vaccinia,  TK-cells 
were  either  transfected  with  pcDNA3-Hmeso  or  infected 
with  Vac-Hmeso  vaccinia.  Transfected  or  infected  cells  were 
characterized  by  staining  with  human  mesothelin-specihc 
antibodies  followed  by  flow  cytometry  analysis.  As  shown 
in  Fig.  lA,  TK-cells  transfected  with  pcDNA3-Hmeso 
expressed  human  mesothelin  (filled  histogram).  In  contrast, 
TK-cells  transfected  with  pcDNA3  vector  did  not  express 
human  mesothelin  (clear  histogram).  Similarly,  as  seen  in 
Fig.  IB,  TK-cells  infected  with  Vac-Hmeso  expressed  human 
mesothelin  (filled  histogram),  while  TK-cells  infected  with 
wild-type  vaccinia  did  not  express  human  mesothelin  (clear 
histogram).  These  results  confirm  that  we  have  successfully 
generated  human  mesothelin-expressing  DNA  construct  and 
vaccinia  virus. 

3.2.  Identification  of  human  mesothelin  epitopes 

aal  16-125  and  aa540-549  as  HLA-A2-restricted  human 
mesothelin-specific  CTL  epitopes 

The  availability  of  human  mesothelin-expressing  DNA 
construct  and  vaccinia  virus  allows  us  to  design  prime  and 
boost  vaccination  regimens  in  order  to  generate  high  numbers 
of  human  mesothelin-specific  CDS'''  T  cells  in  vaccinated 
mice.  Using  splenocytes  derived  from  HLA-A2  transgenic 
mice  vaccinated  with  pcDNA3-Hmeso  and  boosted  with 
Vac-Hmeso,  we  were  able  to  develop  quantitative  human 
mesothelin-specific  CDS'*'  T  cell  immunological  assays. 
In  order  to  identify  candidate  HLA-A2-restricted  human 
mesothelin-specific  CTL  epitopes,  we  used  the  Biolnformat- 


Table  1 

Candidate  HLA-A2-restricted  human  mesothelin-specific  CTL  epitopes  pre¬ 
dicted  by  BIMAS 


Peptide  name 
start  position 

MHC  class  I  Peptide  sequence 

BIMAS  score 

Peptide-20 

HLA2 

SLLFLLFSL 

1054 

Peptide- 17 

HLA2 

ALGSLLFLL 

284 

Peptide-64 

HLA2 

QLLGfPCAEV 

257 

Peptide- 1 16 

HLA2 

ALPLdLLLFL 

270 

Peptide-530 

HLA2 

VLPLTVAEV 

271 

Peptide-540 

HLA2 

KLLGpHVEGL 

311 

Peptide-602 

HLA2 

LLGPgPVLTV 

271 

Bioinformatics  &  Molecular  Analysis  Section  (BIMAS)  was  used  to  analyze 
various  nine-residue  peptides  from  mesothelin  for  H-2  binding  predictions. 
The  sequences,  positions,  MHC  restrictions,  and  scores  of  the  potential 
human  mesothelin  epitopes  were  determined. 

ics  &  Molecular  Analysis  Section  (BIMAS)  database  for 
HLA-A2  peptide  binding  predictions.  We  identified  several 
candidate  9-  or  10-residue  peptides  for  human  mesothelin. 
Their  positions,  MHC  restrictions,  sequences  and  scores  are 
presented  in  Table  1 .  To  determine  which  candidate  peptides 
represent  the  true  HLA-A2-restricted  human  mesothelin- 
specific  CTL  epitopes,  we  used  the  candidate  peptides  iden¬ 
tified  by  BIMAS  to  stimulate  splenocytes  from  vaccinated 
HLA-A2  transgenic  mice.  As  shown  in  Fig.  2,  splenocytes 
from  vaccinated  mice  pulsed  with  human  mesothelin  pep¬ 
tides  aal  16-125  or  aa540-549  generated  significantly  greater 
numbers  of  human  mesothelin-specific,  IFN-7-expressing 
CTLs  than  splenocytes  pulsed  with  the  other  human  mesothe¬ 
lin  peptides  (p<  0.001).  These  data  indicate  that  the  human 
mesothelin  peptides  aal  16-125  and  aa540-549  can  be  recog¬ 
nized  by  CDS'*'  T  cells  generated  by  HLA-A2  transgenic  mice 
primed  with  pcDNA3-Hmeso  and  boosted  with  Vac-Hmeso. 
Furthermore,  there  are  no  CD8-specific  T  cell  responses  to 
these  epitopes  when  using  the  same  vaccines  to  vaccinate 
C57BL/6  mice  (data  not  shown).  Thus,  these  data  confirm  that 
aal  16-125  and  aa540-549  human  mesothelin  epitopes  are 
HLA-A2-restricted  human  mesothelin-specific  CTL  epitopes 
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Fig.  1 .  Flow  cytometry  analysis  to  chai'acterize  human  mesothelin  expression  of  cells  transfected  with  DNA  or  infected  with  vaccinia.  (A)  TK-cells  transfected 
with  pcDNA3-FImeso  (filled  histogram)  or  pcDNA3  vector  (clear  histogram).  (B)  TK-cells  infected  with  Vac-Flmeso  (filled  histogram)  or  wild-type  vaccinia 
(clear  histogram).  Transfected  or  infected  TK-cells  were  stained  with  human  mesothelin-specific  antibodies  and  characterized  by  flow  cytometry  analysis  as 
described  in  Section  2. 
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Fig.  2.  Intracellular  cytokine  staining  followed  by  flow  cytometry  analysis  to  characterize  HLA-A2-restricted  human  mesothelin-specific  CTL  epitopes.  HLA- 
A2  transgenic  mice  were  vaccinated  with  2(xg/mouse  of  pcDNA3-Hmeso  followed  by  an  intraperitoneal  booster  with  Vac-Hmeso  (1  x  10^  PFU/mouse). 
Splenocytes  were  harvested  1  week  after  the  last  vaccination  and  stimulated  with  various  candidate  human  mesothelin  epitopes  (see  Table  1)  for  16  h.  The 
activation  of  human  mesothelin-specific  CDS’*"  T  cells  was  determined  by  intracellular  cytokine  staining  for  CDS  and  IFN-y  expression.  (A)  Representative 
figure  of  flow  cytometry  data.  (B)  Bar  graph  depicting  number  of  IFN-y-expressing  human  mesothelin-specific  CDS'*’  T  cells  out  of  3  x  10^  splenocytes  isolated 
from  vaccinated  mice. 


but  not  H-2  D*’,  K*’-restricted  CTL  epitopes.  Furthermore, 
between  these  two  identified  peptides,  aa540-549  generated 
greater  numbers  of  lFN-7-expressing  CTLs  than  aal  16-125. 

3.3.  Vaccination  with  pcDNA3-Hmeso540-p2m-A2 
enhances  human  mesothelin-specific  CD8^  T  cell 
responses  in  vaccinated  HLA-A2  transgenic  mice 

The  identification  of  aa540-549  as  a  strong  HLA-A2- 
restricted  human  mesothelin-specific  CTL  epitope  allowed 
us  to  generate  a  DNA  vaccine  encoding  an  SCT  of  HLA- 


A2  linked  to  this  epitope  (pcDNA3-Hmeso540-(32m-A2) 
(Fig.  3).  We  also  generated  a  DNA  vaccine  encoding 
an  SCT  of  HLA-A2  linked  to  OVA  (pcDNA3-OVA- 
(32m-A2)  as  a  negative  control.  To  assess  the  immuno- 
genicity  of  our  DNA  vaccine,  we  vaccinated  mice  with 
pcDNA3-Hmeso540-(32m-A2  or  pcDNA3-OVA-|32m-A2 
and  then  performed  intracellular  cytokine  staining  with 
flow  cytometry  analysis  to  characterize  human  mesothelin- 
specific  CDS'*'  T  cell  precursors  using  human  mesothelin 
aa540-549  peptide  as  a  stimulant.  HLA-A2  transgenic  mice 
vaccinated  with  pcDNA3-Hmeso540-p2m-A2  generated  a 
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Fig.  3.  Diagrams  depicting  the  structure  of  our  SCT  and  structures  of  chimeric  DNA  constructs.  (A)  Diagram  of  a  peptide:p2m:MHC  SCT  on  cell  surface.  (B) 
Diagram  of  an  SCT  encoding  human  mesothelin  aa540-549  linked  to  p2m  and  an  HLA-A2-restricted  MHC  class  I  molecule,  and  a  SCT  encoding  OVA  linked 
to  p2m  and  an  HLA-A2-restricted  MHC  class  I  molecule.  Each  was  cloned  into  the  pcDNA3  vector  to  make  the  DNA  vaccines  used  in  the  study. 
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Fig.  4.  Characterization  of  human  mesothelin-specific  CDS'*'  T  cells  in  vaccinated  HLA-A2  transgenic  mice.  Mice  (five  per  group)  were  immunized  with 
pcDNA3-OVA-p2m-A2  or  pcDNA3-Hmeso540-p2m-A2.  Splenocytes  from  vaccinated  mice  were  collected  and  stimulated  with  human  mesothelin-specific 
peptides  (aa540-549).  Intracellular  cytokine  staining  followed  by  flow  cytometry  analysis  was  performed.  (A)  Representative  figure  of  the  flow  cytometry 
data.  (B)  Bar  graph  depicting  the  number  of  human  mesothelin  peptide  (aa540-549)-specific  IFN-"y-secreting  CDS'*'  T  cell  precursors/3  x  10^  splenocytes 
(meanib  S.D.).  The  data  presented  in  this  figure  are  representative  from  one  of  two  experiments  performed. 


significantly  higher  frequency  of  human  mesothelin-specihc 
IFN-y-secreting  CDS'*'  T  cell  precursors  compared  to  mice 
immunized  with  pcDNA3-OVA-(32m-A2  (Fig.  4).  These 
data  indicate  that  vaccination  with  DNA  encoding  an  SCT  of 
FILA-A2  linked  to  a  human  mesothelin-specific  CTL  epitope 
is  capable  of  generating  strong  human  mesothelin-specihc 
CDS'*'  T  cell  immune  responses  in  HLA-A2  transgenic  mice. 

3.4.  A  syngeneic  tumor  cell  line  expresses  human 
mesothelin  and  HLA-A2 

In  order  to  generate  a  tumor  cell  line  expressing  human 
mesothelin  and  HLA-A2  for  use  in  tumor  prevention  experi¬ 
ments  in  HLA-A2  transgenic  mice,  we  have  transduced  TC- 


1/A2  cell  lines  with  a  retrovirus  containing  human  mesothelin 
to  generate  TC-l/A2/Hmeso.  We  have  previously  gener¬ 
ated  an  HLA-A2-expressing  murine  tumor  model,  TC-1/A2, 
that  is  capable  of  growing  consistently  in  FILA-A2  trans¬ 
genic  mice  through  subcutaneous  injection  [9].  We  have 
further  characterized  the  expression  of  HLA-A2  and  human 
mesothelin  in  TC-l/A2/Hmeso  cells  using  How  cytometry 
analysis.  TC-1  cells  were  used  as  negative  controls.  As  shown 
in  Fig.  5,  TC-l/A2/Hmeso  cells  (Hlled  histogram)  showed 
signihcantly  higher  expression  of  both  HLA-A2  and  human 
mesothelin  compared  to  TC-1  cell  lines  (clear  histogram). 
These  data  indicate  that  the  TC-l/A2/Hmeso  tumor  cell  line 
is  successfully  engineered  to  express  signihcant  levels  of  both 
FILA-A2  and  human  mesothelin  proteins. 


Fig.  5.  Flow  cytometry  analysis  to  demonstrate  the  expression  of  HLA-A2  and  human  mesothelin  in  TC-  l/A2/Hmeso  cell  line.  TC-  l/A2/Hmeso  was  generated  by 
transducing  TC-1/A2  with  a  retrovirus  containing  human  mesothelin  as  described  in  Section  2.  (A)  Characterization  of  HLA-A2  expression  in  TC-l/A2/Hmeso 
(filled  histogram)  and  TC-1  (clear  histogram).  The  cell  lines  were  stained  with  HLA-A2-specific  monoclonal  antibody  followed  by  flow  cytometry  analysis. 
(B)  Characterization  of  human  mesothelin  expression  in  TC-1  TC-l/A2/Hmeso  (filled  histogram)  and  TC-1  (clear  histogram).  The  cell  lines  were  stained  with 
human  mesothelin-specific  antibody  followed  by  flow  cytometry  analysis. 
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Fig.  6.  In  vivo  tumor  protection  experiment  to  demonstrate  the  anti¬ 
tumor  effects  generated  by  pcDNA3-Hmeso540-|32m-A2  against  human 
mesothelin-expressing  TC-I/A2/Hmeso  tumors  in  HLA-A2  transgenic 
mice.  Mice  (five  per  group)  were  immunized  with  OVA-p2m-A2  or 
Hmeso540-p2m-A2  four  times  at  1-week  interval.  At  1  week  after  the 
last  vaccination,  mice  were  challenged  subcutaneously  with  5  x  10^  TC- 
l/A2/Hmeso  cells/mouse  and  monitored  for  evidence  of  tumor  growth  by 
palpation  and  inspection  once  a  week. 

3.5.  pcDNA3-Hmeso540-f}2m-A2  vaccination  prevents 
the  growth  of  human  mesothelin-expressing 
TC-l/A2/Hmeso  tumors  in  mice 

Given  the  immunogenicity  of  pcDNA3-Hmeso540- 
(32m-A2  (see  Fig.  4),  we  next  explored  whether  it  could 
elicit  effective  protective  anti-tumor  effects  against  the  HLA- 
A2  positive,  human  mesothelin-expressing  tumor  cell  line, 
TC- l/A2/Hmeso.  Tumor  cells  were  injected  subcutaneously 
1  week  after  DNA  vaccination.  During  a  6-week  follow¬ 
up  period,  60%  of  mice  receiving  pcDNA3-Hmeso540- 
(32m-A2  remained  tumor-free.  All  of  the  pcDNA3-OVA- 
(32m-A2-immunized  mice  exhibited  tumor  growth  by  the 
second  week  (Fig.  6).  These  results  are  statistically  signif¬ 
icant  (p<0.01),  indicating  that  vaccination  with  pcDNA3- 
Hmeso540-P2m-A2  can  generate  significant  protective 
effects  against  human  mesothelin-expressing  tumors.  Thus, 
our  data  indicate  that  a  DNA  vaccine  encoding  an  SCT  of 
a  human  MFIC  class  I  molecule  linked  to  a  CTL  epitope 
from  human  mesothelin  antigen  is  capable  of  generating  a 
strong  antigen-specific  CDS'*'  T  cell  immune  response  and 
anti-tumor  effects  in  vaccinated  HLA-A2  transgenic  mice. 


4.  Discussion 

In  the  current  study,  we  have  identified  an  HLA-A2- 
restricted  human  mesothelin- specific  CDS'*'  T  cell  epitope 
using  HLA-A2  transgenic  mice.  We  found  that  HLA-A2 
transgenic  mice  vaccinated  with  a  DNA  vaccine  encoding 
an  SCT  linked  to  human  mesothelin  CTL  epitope  was  able  to 
generate  potent  human  mesothelin  peptide-specihc  CDS'*'  T 
cell  immune  responses  as  well  as  anti-tumor  effects  against 


human  mesothelin-expressing  tumors  in  HLA-A2  transgenic 
mice.  Our  results  are  consistent  with  our  previous  study  using 
a  DNA  vaccine  employing  SCT  technology  targeting  the 
HPV-16  E6  immunodominant  CTL  epitope  [7].  Thus,  DNA 
vaccines  employing  the  SCT  technology  have  been  shown 
to  enhance  antigenic  peptide-specihc  CDS'''  T  cell  immune 
responses  in  different  antigenic  systems.  It  is  therefore  likely 
that  DNA  vaccines  employing  the  SCT  technology  may  also 
be  applicable  to  other  antigenic  systems  related  to  viral  infec¬ 
tions  or  other  cancers. 

Intradermal  administration  of  DNA  vaccines  encoding  a 
single-chain  trimer  has  several  advantages  over  peptide  vac¬ 
cines  administered  exogenously.  First,  intradermal  admin¬ 
istration  of  DNA  vaccines  allows  for  direct  targeting  of 
DNA  to  dendritic  cells  in  vivo.  In  comparison,  exogenously 
administered  peptides  may  not  be  directly  targeted  to  den¬ 
dritic  cells.  Second,  DNA  vaccines  encoding  a  single-chain 
trimer  can  lead  to  a  more  stable  presentation  of  encoded  anti¬ 
genic  peptides  compared  to  conventional  peptide  vaccines. 
Third,  peptides  administered  exogenously  are  more  suscep¬ 
tible  to  degradation  compared  to  peptides  presented  through 
the  single-chain  trimer  encoded  by  the  DNA  vaccine.  All 
these  features  lead  to  a  more  persistent  activation  of  antigen- 
specihc  CD8h-  T  cells  by  DNA  vaccines  encoding  the  SCT 
technology  compared  to  peptide  vaccines. 

The  SCT  technology  is  particularly  useful  for  generat¬ 
ing  HLA-A2-restricted  antigen-specihc  CDS'*'  T  cell  immune 
responses  in  HLA-A2  (AAD)  transgenic  mice.  Because 
HLA-A2  (AAD)  transgenic  mice  express  both  murine  MHC 
class  I  molecules  and  HLA-A2,  it  is  possible  that  vaccina¬ 
tion  with  DNA  vaccines  encoding  a  full-length  antigen  may 
also  present  the  antigens  through  the  murine  MHC  class  I 
molecule  in  vaccinated  mice.  This  may  render  it  difficult 
to  determine  if  the  antigen-specific  CDS'*'  T  cell  immune 
responses  are  truly  HLA-A2-restricted.  For  instance,  we 
have  previously  demonstrated  that  DNA  encoding  calretic- 
ulin  (CRT)  linked  to  full-length  HP  V- 1 6  E7  antigen  generated 
strong  H-2D'’ -restricted  E7(aa49-57)-specific  CD8'''  T  cell 
immune  responses  but  not  HLA-A2-restricted  E7(aal  1-20)- 
specific  CD8'''  T  cell  immune  responses  in  HLA-A2  (AAD) 
transgenic  mice  [9].  By  bypassing  the  typical  class  I  anti¬ 
gen  processing  pathway,  vaccination  with  a  DNA  vaccine 
encoding  an  SCT  of  HLA-A2  linked  to  a  CTL  epitope 
ensures  cell  surface  presentation  of  the  HLA-A2  MHC  I 
molecule:  antigenic  peptide  complex  by  a  transfected  APC, 
allowing  for  the  generation  of  only  HLA-A2-restricted, 
peptide-specihc  CD8'''  T  cell  immune  responses  in  HLA-A2 
(AAD)  transgenic  mice. 

In  the  current  study,  we  used  BIMAS  to  identify  several 
candidate  HLA-A2-restricted  human  mesothelin-specihc 
CTL  epitopes  that  may  be  used  for  our  SCT  technology. 
However,  predictive  algorithms  used  to  predict  for  poten¬ 
tial  CTL  epitopes  may  not  always  be  100%  accurate,  and  the 
highest  scoring  peptides  may  not  actually  trigger  the  optimal 
CTL  responses.  Hence,  in  order  to  identify  the  true  HLA- 
A2-restricted  human  mesothelin-specihc  epitopes,  we  tested 
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several  of  the  candidate  human  mesothelin  epitopes  for  their 
ability  to  generate  CDS'*'  T  cell  Immune  responses.  We  have 
identified  two  HLA-A2-restricted  human  mesothelin-specific 
CDS'*'  T  cell  epitopes  using  HLA-A2  transgenic  mice.  One 
of  these  CTL  epitopes,  aa540-549,  was  also  recently  identi¬ 
fied  using  PBMCs  derived  from  ovarian  or  pancreatic  cancer 
patients  [14].  In  that  study,  it  was  shown  that  the  HLA-A2- 
restricted  P547-556  peptide  (KLLGPHVEGL,  equivalent  to 
the  amino  acid  sequence  of  aa540-549  in  our  study)  was 
able  to  activate  mesothelin-specific  CDS'*'  T  cells  and  lyse 
mesothelin-expressing  pancreatic  and  ovarian  cells  [14]. 

In  another  study,  HLA-A2-restricted  mesothelin-derived 
peptides  20-28  and  530-538  were  identified  as  CTL  epitopes 
[15].  These  CTL  epitopes  are  quite  different  from  what  we 
described  in  our  current  study.  This  discrepancy  may  be  due  to 
the  different  vaccination  as  well  as  experimental  approaches 
used  for  these  studies.  Thomas  et  al.  used  PBMCs  from 
patients  vaccinated  with  GMCSF-transduced,  mesothelin- 
expressing  allogeneic  pancreatic  cancer  cells  as  a  source  of 
T  cells  [15].  In  comparison,  we  used  T  cells  derived  from 
HLA-A2  transgenic  mice  vaccinated  with  human  mesothelin- 
expressing  DNA  followed  by  vaccinia.  Thus,  in  our  model, 
it  is  likely  that  we  are  able  to  identify  human  mesothelin- 
specific  CTL  epitopes  with  potentially  high  avidity  since 
tolerance  is  not  a  concern  in  our  mouse  model.  In  compari¬ 
son,  human  mesothelin-specific  T  cells  derived  from  patients 
vaccinated  with  GMCSF-transduced  allogeneic  pancreatic 
cancer  cells  may  belong  to  the  category  of  low  avidity  T 
cells  because  of  tolerance  to  human  mesothelin  in  patients. 

The  identification  of  human  mesothelin  CTL  epitopes 
will  facilitate  the  development  of  quantitative  CD8'''  T  cell 
immunological  assays,  including  peptide-loaded  HLA-A2- 
restricted  tetramer  assays.  These  assays  will  be  important 
for  the  characterization  of  mesothelin-specific  CDS'''  T  cell 
immune  responses  in  patients  with  mesothelin-expressing 
ovarian  or  pancreatic  cancer.  Furthermore,  these  assays  will 
be  particularly  useful  for  characterizing  human  mesothelin- 
specific  immune  responses  before  and  after  vaccination  with 
mesothelin-specific  cancer  vaccines. 

Although  the  SCT  technology  can  be  used  to  elicit  robust 
peptide-specific  CDS'*'  T  cell  immune  responses,  it  is  not 
effective  in  activating  CD4'''  T  helper  cells.  Because  it  is  now 
clear  that  CD4'''  T  helper  cells  are  important  for  generating 
memory  T  cells,  it  will  be  desirable  to  design  an  immuniza¬ 
tion  regimen  that  utilizes  DNA  vaccines  employing  the  SCT 
technology  in  conjunction  with  DNA  vaccines  capable  of 
activating  CD4'''  T  helper  cells.  A  previous  study  has  devel¬ 
oped  a  DNA  vaccine  carrying  an  invariant  chain  (li)  gene  in 
which  the  class  Il-associated  invariant  chain  peptide  (CLIP) 
region  was  replaced  by  a  T  helper  epitope.  Immunization  of 
mice  with  this  DNA  plasmid  induced  antigen-specific  IFN-y- 
and  interleukin  2-producing  helper  T  cells  [16].  Thus,  co¬ 
administration  of  a  DNA  vaccine  encoding  a  CD4'''  helper 
T  cell  epitope  and  a  DNA  vaccine  encoding  the  SCT  tech¬ 
nology  may  provide  an  opportunity  to  generate  both  CD8''' 
T  cell  and  CD4'‘'  helper  T  cell  immune  responses,  enhancing 


the  long-term  protective  immunity  by  developing  a  reservoir 
of  antigen-specific  memory  T  cells. 

Anofher  possible  concern  for  fhe  employment  of  a  DNA 
vaccine  encoding  an  SCT  is  that  tumor  cells  may  evade 
antigen-specific  CD8'''  T  cell  immune  attack  by  fhe  muta¬ 
tion  of  the  mesothelin  gene  at  the  CTL  epitope,  so  called 
“antigenic  drift”  [17].  If  such  a  mutation  occurs  on  the 
mesothelin  CTL  epitope  in  mesothelin-expressing  tumors, 
the  DNA  vaccines  employing  the  SCT  technology  may  be 
unable  to  elicit  an  effective  immune  response.  One  possi¬ 
ble  approach  to  avoid  such  a  pitfall  is  to  consider  DNA 
vaccines  employing  an  SCT  targeting  a  combination  of  dif¬ 
ferent  mesothelin  CTL  epitopes  to  more  effectively  control 
tumors.  For  instance,  in  the  current  study,  we  have  identified 
fwo  mesofhelin  CTL  epitopes,  aa  116-125  and  aa540-549 
(Fig.  1).  A  combination  DNA  vaccine  targeting  both  of  these 
epitopes  may  circumvent  the  potential  problem  of  “antigenic 
drift”  of  CTL  epitopes.  With  continued  identification  of  other 
human  mesothelin  CTL  epitopes,  we  may  be  able  to  develop  a 
better  regimen  of  mesothelin-specific  DNA  vaccines  to  avoid 
the  undesirable  effects  of  mutations  on  the  CTL  epitope  of 
the  tumor  antigens.  In  addition,  such  an  approach  can  be  used 
to  enhance  anti-tumor  effects  by  creating  DNA  vaccines  tar¬ 
geting  ovarian  cancer  tumor-associated  antigens  other  than 
human  mesothelin  and  administering  these  vaccines  in  con¬ 
junction  with  our  mesothelin-specific  SCT  vaccine. 

In  summary,  we  have  identified  HLA- A2-restricted  human 
mesothelin-specific  CDS'*'  T  cell  epitopes.  In  addition,  we 
have  developed  a  DNA  vaccine  employing  SCT  technology 
targeting  an  identified  CTL  epitope.  Our  data  suggest  that 
DNA  vaccines  employing  the  SCT  can  generate  potent  human 
mesothelin-specific  immune  responses  as  well  as  anli-tumor 
effects  against  human  mesothelin-expressing  tumors  in  HLA- 
A2  transgenic  mice.  Our  study  in  the  preclinical  transgenic 
mouse  model  will  likely  serve  as  a  solid  foundation  for  future 
clinical  translation  of  DNA  vaccines  for  immunotherapy  of 
gynecologic  cancers. 
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Abstract 


Cancer  immunotherapy  targeting  mesothelin  represents  a  potentially  plausible 
approaeh  for  the  eontrol  of  ovarian  cancer  since  most  ovarian  cancers  express  high  levels 
of  mesothelin.  In  the  eurrent  study,  we  ereated  a  mesothelin-positive  luciferase- 
expressing  ovarian  cancer  model,  MOSEC/luc.  This  luciferase-expressing  tumor  model 
allowed  us  to  quantitate  tumor  distribution  and  tumor  load  in  tumor-ehallenged  miee 
using  a  non-invasive  bioluminescence  imaging  system.  In  addition,  we  identified  an  H- 
2D’’-restrieted  mesothelin  peptide-specifie  CTL  epitope  (aa406-414)  that  was 
endogenously  proeessed  and  presented  by  MOSEC/lue  tumor  eells.  We  showed  that 
adoptive  transfer  of  mesothelin  peptide  (aa406-414)-specific  CD8^  T  eells  led  to  the 
control  of  MOSEC/luc  tumor  cells.  The  MOSEC/luc  tumor  model  and  the  newly 
identified  H-2D’’-restricted  murine  mesothelin-specific  CTE  epitope  (aa406-414)  will  be 
very  useful  for  the  development  of  immunotherapy  for  ovarian  cancer  as  well  as  for  the 
development  of  quantitative  CDS"^  T  cell-mediated  immunological  assays. 


Keywords:  immunotherapy;  mesothelin;  ovarian  cancer,  adoptive  T  eells 
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Introduction 


Metastatic  ovarian  cancer  is  extremely  difficult  to  cure  and  is  responsible  for  the 
highest  mortality  rate  among  patients  with  gynecologic  malignancies.  Current  efforts  to 
reduce  this  mortality  rate,  including  improvement  of  early  detection  and  treatment,  have 
been  relatively  unsuccessful.  Existing  standard  therapies  for  advanced  disease  such  as 
primary  cytoreductive  surgery  followed  hy  chemotherapy  rarely  result  in  long-term 
benefits  for  patients  with  locally  advanced  and  metastatic  disease,  Thus, 
identification  of  alternative  approach  to  control  ovarian  cancer  represents  an  urgent 
concern. 

Immunotherapy  represents  a  potentially  plausible  approach  for  the  control  of 
ovarian  cancer.  The  ideal  cancer  therapy  should  have  the  potency  to  eradicate  systemic 
tumors  and  control  metastases  as  well  as  the  specificity  to  discriminate  between 
malignant  and  normal  cells.  In  both  of  these  respects,  the  immune  system  is  an  attractive 
therapeutic  approach.  The  immune  system  has  multiple  complementary  effector 
mechanisms  capable  of  killing  target  cells.  Of  these  effector  mechanisms,  T  cells  can 
generate  tumor  antigen-specific  immune  responses  because  they  have  a  vast  array  of 
clonally  distributed  antigen  receptors,  which  can  recognize  tumor-specific  antigens.  It  is 
well  established  that  T  cells  recognize  peptide  fragments  of  cellular  proteins  bound  to 
major  histocompatibility  complex  (MHC)  molecules  on  the  surfaces  of  cells,  and  any 
cellular  protein  (including  those  from  which  tumor  antigens  are  derived)  can  be  presented 
to  T  cells  in  this  way.  Antigen-specific  immunotherapy  has  heen  implemented  in 
ovarian  cancer  treatment  in  human  clinical  trials  such  as  HER-2/neu,  MUC-1,  NY- 
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ESO-1  and  CA-125/  Thus,  cancer  immunotherapy  aimed  at  enhancing  the  function 
of  antigen-specific  T  cells  represents  a  rational  treatment  approach. 

The  identification  of  tumor-associated  antigens  uniquely  expressed  in  ovarian 
cancer  is  also  an  important  step  for  the  development  of  effective  immunotherapeutic 
strategies  to  control  ovarian  cancer.  Mesothelin  has  been  identified  as  an  antigen  that  is 
highly  expressed  in  a  majority  of  ovarian  cancers,  ^  but  has  low  expression  in 

mesothelial  cells  lining  the  pleura,  pericardium,  and  peritoneum,^  making  it  a 
potentially  valuable  target  for  the  development  of  ovarian  cancer  vaccines  and 
immunotherapeutic  strategies.  The  mesothelin  gene  encodes  a  69-kDa  precursor 
protein  that  is  processed  to  a  40-kDa  memhrane-hound  protein  called  mesothelin 
and  a  31-kDa  shed  fragment  termed  megakaryocyte-potentiating  factor  (MPF)  that 
is  secreted  from  the  cell,^ 

The  development  of  ovarian  cancer  vaccines  and  immunotherapeutic  strategies 
requires  a  suitable  preclinical  model.  The  ovarian  cancer  tumor  model,  MOSEC,  which 
is  derived  from  mouse  ovarian  surface  epithelial  cells,  has  previously  been  shown  to  be 
capable  of  generating  ascites  and  tumor  growth  in  C57BL/6  mice  receiving 
intraperitoneal  tumor  challenge.^  Furthermore,  the  morphology  of  MOSEC  tumor  cells 
resembles  ovarian  serous  carcinoma.  Thus,  the  MOSEC  ovarian  cancer  model  serves  as  a 
potentially  suitable  preclinical  model  for  testing  ovarian  cancer  vaccines. 

In  the  current  study,  we  have  created  a  luciferase-expressing  MOSEC 
(MOSEC/luc)  tumor  model  that  has  allowed  us  to  quantitate  the  distribution  and  tumor 
load  in  tumor-challenged  mice  using  the  non-invasive  bioluminescence  imaging  system. 
In  addition,  we  characterized  the  expression  of  murine  mesothelin  in  the  MOSEC/luc 
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tumor  model.  We  also  determined  that  MOSEC/lue  is  endogenously  proeessed  and 
presented  the  murine  mesothelin  CTL  epitope  (aa406-414).  Furthermore,  we  showed  that 
adoptive  transfer  of  mesothelin  peptide  (aa406-414)-speeiiie  CD8^  T  eells  led  to  the 
eontrol  of  MOSEC/lue  tumor  eells.  The  generation  of  MOSEC/lue  and  the  identifieation 
of  murine  mesothelin  peptide  aa406-414  as  a  H-2D’’-restrieted  CTL  epitope  serve  as  a 
good  foundation  for  the  development  of  antigen-speoifie  immunotherapies  for  ovarian 
eaneer  as  well  as  quantitative  mesothelin-speeifie  CDS"^  T  eell  immunologieal  assays. 

Results 

Generation  and  characterization  of  an  ascitogenic  luciferase-expressing  ovarian 
cancer  cell  line,  MOSEC/luc 

One  of  the  major  challenges  for  the  development  of  preclinical  ovarian 
cancer  models  is  the  quantitative  measurement  of  tumor  growth  in  the  peritoneal  eavity. 
In  order  to  ereate  a  suitable  preelinieal  ovarian  eaneer  model  that  is  eapable  of  forming 
aseites  and  expressing  lueiferase,  we  transdueed  an  ovarian  eaneer  eell  line,  MOSEC, 
with  a  retrovirus  expressing  firefly  lueiferase  (MOSEC/lue).  This  would  enable  us  to 
quantitate  the  tumor  load  using  lueiferase  imaging.  To  determine  if  miee  ehallenged  with 
MOSEC/lue  would  generate  aseites  and  suffieient  lueiferase  activity  for  bioluminescence 
imaging,  we  challenged  C57BL/6  mice,  intraperitoneally,  with  MOSEC/luc  tumor  cells 
(5x10^  cells/mouse).  The  lueiferase  expression  was  characterized  using  the  non- invasive 
bioluminescence  imaging  system.  As  demonstrated  in  Figure  lA,  mice  intraperitoneally 
challenged  with  MOSEC/luc  tumor  cells  were  capable  of  developing  significant  ascites  8 
weeks  after  the  tumor  challenge.  In  addition,  the  mice  showed  detectable  lueiferase 
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expression  in  the  peritoneal  eavity  8  weeks  after  the  tumor  ehallenge  (Figure  1C).  In 
eontrast,  C57BL/6  miee  without  MOSEC/lue  tumor  ehallenge  did  not  show  inereased 
abdominal  girth  (Figure  IB)  or  lueiferase  expression  (Figure  ID)  in  the  peritoneal 
eavity.  Thus,  our  data  indieated  that  we  sueeessfully  generated  an  aseitogenie  lueiferase- 
expressing  MOSEC  tumor  eell  line  (MOSEC/lue)  that  would  allow  us  to  quantitate  tumor 
load  and  distribution  of  MOSEC  tumor  eells  in  tumor-ehallenged  miee  using  non- 
invasive  biolumineseenee  imaging. 

Murine  mesothelin  is  highly  expressed  in  MOSEC/luc  tumor  cells 

Mesothelin  has  become  a  potentially  ideal  target  for  developing  cancer  vaccines 
against  ovarian  cancer(s)  because  it  is  highly  expressed  in  ovarian  cancer  cells  and  is 
absent  or  expressed  at  low  levels  in  normal  cells.  In  order  to  determine  whether 
MOSEC/luc  tumor  cells  also  express  murine  mesothelin,  we  characterized  mesothelin 
expression  in  MOSEC/luc  tumor  cell  line  by  RT-PCR  and  flow  cytometry  analysis.  As 
shown  in  Figure  2A,  mRNA  expression  of  murine  mesothelin  was  detected  in 
MOSEC/luc  tumors  but  not  in  dendritic  cells  (DCs).  ^  In  addition,  we  performed 
quantitative  real-time  RT-PCR,  As  shown  in  Table  1,  gene  expression  of  mesothelin 
is  undetectable  in  DCs,  In  contrast,  a  significant  high  level  of  murine  mesothelin 
expression  was  detected  in  MOSEC/luc,  The  mRNA  expression  ratio  of 
mesothelin :beta-actin  was  0,01342,  We  also  performed  flow  cytometry  analysis  using 
rat  sera  acquired  from  rats  vaccinated  with  effective  DNA  vaccine  encoding  murine 
mesothelin.  Since  there  are  no  commercial  mouse  mesothelin  antibodies  available, 
we  have  created  mesothelin-specific  antibody  using  sera  from  rat  vaccinated  with 
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DNA  encoding  murine  mesothelin  as  described  in  the  Materials  and  Methods,  As 


demonstrated  in  Figure  2B,  mesothelin  expression  was  detected  in  MOSEC/luc  cells  but 
not  in  DCs.  These  data  indicated  that  murine  mesothelin  is  highly  expressed  in 
MOSEC/luc  tumor  cells. 

The  murine  mesothelin  peptide  aa406-414  contains  a  CD8^  CTL  epitope. 

To  identify  murine  mesothelin-specific  CD8^  T  cell  epitopes,  we  initially  used  the 
Bioinformatics  &  Molecular  Analysis  Section  (BIMAS)^  to  predict  for  candidate  murine 
MHC  class  I-restricted  murine  mesothelin-specific  CTE  epitopes  (see  Figure  3A).  We 
next  determined  which  of  these  epitopes  represented  the  true  mesothelin-specific  CD8^  T 
cell  epitopes  using  synthetic  peptides  and  splenocytes  that  contained  murine  mesothelin- 
specific  CD8^  T  cells.  C57BE/6  mice  were  vaccinated  with  a  murine  mesothelin- 
expressing  DNA  vaccine  (pcDNA3-Meso)  in  conjunction  with  the  anti-apoptotic  BAK 
and  BAX  siRNA  to  generate  mesothelin-specific  CD8^  T  cells.  We  have  previously 
shown  the  co-administration  of  DNA  vaccines  encoding  human  papillomavirus  type 
16  (HPV-16)  E7  with  siRNA  targeting  key  pro-apoptotic  proteins  Bak  and  Bax 
prolongs  the  lives  of  antigen-expressing  dendritic  cells  in  the  draining  lymph  nodes, 
enhances  antigen-specific  CD8^  T  cell  responses,  and  elicits  potent  antitumor  effects 
against  an  E7-expressing  tumor  model  in  vaccinated  mice,^**  Splenocytes  from 
vaccinated  mice  were  harvested  one  week  after  the  last  vaccination  and  were  stimulated 
with  each  of  the  various  candidate  mesothelin  CTE  peptides  (Figure  3A).  As  shown  in 
Figure  3B,  splenocytes  stimulated  with  mesothelin  peptide  aa406-414  generated  the 
highest  number  of  lEN-y-secreting  CD8^  T  cells  compared  to  those  stimulated  with  the 
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other  candidate  peptides.  These  data  indicate  that  the  murine  mesothelin  peptide  aa406- 
414  is  a  mesothelin-specific  CD8^  T  cell  epitope. 

Generation  and  characterization  of  a  murine  mesothelin  peptide(aa406-414)-specific 
CD8^  T  cell  line 

We  generated  a  murine  mesothelin  (aa406-414)-specilic  CD8^  T  cell  line  by 
repeatedly  stimulating  splenocytes  from  the  mesothelin  DNA-vaccinated  mice  with 
mesothelin  aa406-414  peptide.  To  determine  whether  the  CD8+  T  cell  line  is  indeed 
mesothelin  (aa406-414)-specific,  the  CD8+  T  cell  line  was  incubated  with  either 
mesothelin  peptide  aa406-414  or  irrelevant  E7  peptide  aa49-57.  As  shown  in  Figure  4A, 
murine  mesothelin  aa406-414  peptide  was  able  to  activate  the  CD8^  T  cells  to  release 
IFN-y.  In  contrast,  the  control  E7  aa49-57  failed  to  activate  the  CD8^  T  cells.  These  data 
suggest  that  the  CD8^  T  cell  line  was  murine  mesothelin  (aa406-414)-specilic.  We  also 
confirmed  that  the  CD8^  T  cell  line  is  a  murine  mesothelin-specific  CD8^  T  cell  line 
using  peptide-loaded  MHC  class  1  tetramer  staining.  As  shown  in  Figure  4B,  while  the 
CD8^  T  cells  can  be  specifically  detected  by  peptide-loaded  H-2D'’  tetramer,  the  CD8^  T 
cells  can  not  be  detected  by  E7  peptide-loaded  H-2D*’  tetramer.  Taken  together,  these 
findings  indicate  that  we  have  successfully  generated  a  H-2D'’-restricted  murine 
mesothelin  peptide  (aa406-414)-specific  CD8^  T  cell  line. 

Murine  mesothelin(aa406-414)-specific  CD8^  T  cells  can  effectively  kill  MOSEC/luc 
tumor  cells  in  vitro 
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The  generation  of  a  murine  mesothelin  (aa406-414)-specifie  CD8^  T  eell  line  will 
allow  us  to  determine  whether  the  identified  murine  mesothelin-speeifie  CD8^  T  eell 
epitope  (mesothelin  aa406-414)  is  naturally  proeessed  and  presented  by  cells  expressing 
mesothelin.  In  order  to  quantitatively  analyze  if  the  mesothelin  peptide-specific  CD8^  T 
cells  can  specifically  lyse  the  target  cells  loaded  with  mesothelin  peptide,  we  transduced 
DCs  with  a  retrovirus  expressing  firefly  luciferase  (DC/luc).  This  cell  line  allowed  us  to 
characterize  CTL  activity  using  non-radioactive  bioluminescence  imaging.  The  specific 
lysis  of  DC/luc  would  lead  to  the  loss  of  luciferase  activity.  To  demonstrate  that  murine 
mesothelin(aa406-414)-specific  CD8^  T  cells  can  specifically  lyse  mesothelin  peptide- 
loaded  DC/luc,  we  incubated  the  T  cells  with  DC/luc  pulsed  with  or  without  murine 
mesothelin  aa406-414  peptide  at  different  E/T  ratios.  As  shown  in  Figure  5 A,  while  the 
murine  mesothelin  (aa406-414)-specific  CD8^  T  cell  line  was  able  to  kill  DC/luc  pulsed 
with  murine  mesothelin  peptide  aa406-414,  the  CD8^  T  cell  line  was  not  able  to  lyse  the 
DC/luc  without  peptide  or  DC/luc  pulsed  with  irrelevant  E7  peptide  aa49-57  (data  not 
shown).  Furthermore,  when  the  T  cell  line  was  incubated  with  the  MOSEC/luc  tumor 
cells,  they  were  able  to  specifically  lyse  the  MOSEC/luc  tumor  cells  (Figure  5B).  These 
data  indicate  that  murine  mesothelin-speeifie  CTE  epitope  (mesothelin  aa406-414)  is 
naturally  processed  and  presented  by  the  mesothelin-expressing  tumor  cells. 

Adoptive  transfer  of  murine  mesothelin(aa406-414)-specific  CD8^  T  cells  led  to  the 
control  of  MOSEC/luc  tumor  cells  in  vivo 

We  further  assessed  whether  adoptive  transfer  of  mesothelin  (aa406-414)-specific 
CD8^  T  cells  could  lead  to  the  control  MOSEC/luc  tumors  in  vivo.  C57BE/6  mice  were 
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challenged  with  MOSEC/luc  tumors  and  then  treated  by  injection  with  mesothelin(aa406- 
414)-specitic  CD8^  T  cells  intraperitoneally.  Mice  without  CD8^  T  eell  treatment  were 
used  as  a  control.  Luciferase  imaging  was  performed  following  the  tumor  ehallenge.  As 
shown  in  Figure  6,  while  mice  without  treatment  with  mesothelin  peptide-speeifie  CD8^ 
T  cells  continued  to  show  tumor  growth  as  indieated  by  luciferase  expression,  mice 
treated  with  murine  mesothelin  (aa406-414)-specitic  CD8^  T  cells  showed  a  significant 
reduction  of  tumor  growth  as  demonstrated  by  the  decrease  in  lueiferase  activity. 
Furthermore,  tumor  challenged  mice  treated  with  mesothelin-specific  T  cells 
survived  much  longer  than  tumor  challenged  mice  without  mesothelin  specific  T  cell 
treatment  (P<0.05)  (Figure  6C).  These  data  indicate  that  the  adoptive  transfer  of  murine 
mesothelin  (aa406-414)-specific  CD8^  T  cells  is  able  to  eontrol  the  MOSEC/luc  tumors 
in  vivo. 

Discussion 

In  the  eurrent  study,  we  have  created  a  mesothelin-positive  luciferase- 
expressing  murine  ovarian  caneer  model,  MOSEC/luc.  We  demonstrated  that 
MOSEC/luc  endogenously  proeessed  and  presented  the  murine  mesothelin  CTL  epitope 
(aa406-414)  and  serves  as  a  suitable  preclinieal  ovarian  cancer  model  for  the 
characterization  of  therapeutic  effects  using  non-invasive  bioluminescence  imaging. 
Additionally,  this  MOSEC/luc  tumor  model  and  the  identified  murine  mesothelin  CTE 
epitope  will  faeilitate  the  development  of  immunotherapy  for  ovarian  eancer  and 
quantitative  CD8^  T  cell-mediated  immunologieal  assays. 
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There  are  several  quantitative  CD8^  T  cell-mediated  immunological  assays  that 
are  commonly  used  for  the  characterization  of  antigen-specific  immune  responses.  These 
assays  include  intracellular  cytokine  staining,  ELISPOT,  and  peptide-loaded  MHC  class  I 
tetramer  staining.  Among  these  assays,  tetramer  staining  requires  the  identification  of  an 
MHC  class  I-restricted  CTL  epitope.  Our  newly  identified  H-2D’’-restricted  murine 
mesothelin-specific  CTL  epitope  (aa406-414)  has  allowed  us  to  generate  a  mesothelin 
peptide-loaded  H-2D'’  tetramer,  which  we  used  to  characterize  a  mesothelin  peptide- 
specific  CD8^  T  cell  line  (Figure  4).  These  assays  will  be  very  useful  for  the 
characterization  of  mesothelin-specific  immune  responses  generated  by  various  antigen- 
specific  vaccines  targeting  mesothelin. 

One  of  the  major  limitations  to  ovarian  cancer  immunotherapy  is  the 
difficulty  of  generating  ovarian  cancer  mouse  models.  Without  suitahle  ovarian 
cancer  models  in  immune  intact  mice,  it  will  he  difficult  to  test  new  therapies  for 
ovarian  cancers.  Mouse  ovarian  surface  epithelial  cells  (MOSEC),  in  immune  intact 
mice  were  developed  hy  Rohy  at  al.’  MOSEC  ovarian  cancer  cells  were  created  hy 
isolation  of  mouse  ovarian  surface  epithelial  cells  and  in  vitro  culture  for  more  than 
20  passages.  Injection  of  these  cells  into  the  peritoneal  cavity  of  immune  intact  mice 
resulted  in  the  formation  of  ascitic  fluid  and  multiple  tumor  implants.  In  addition,  a 
more  aggressive  ovarian  cancer  line,  Defb29Vegf  was  generated  hy  stable 
transfection  of  VEGF  and  defensin  in  the  MOSEC  cell  line  Furthermore, 
primary  mouse  ovarian  surface  epithelial  cells  which  are  deficient  in  p53  and  any 
two  of  the  oncogenes  c-myc,  K-ras,  and  Akt  were  sufficient  to  induce  ovarian  tumor 
formation  when  these  cells  were  injected  into  mice.^^  Similarly,  primary  mouse 
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ovarian  surface  epithelial  cells  which  are  deficient  in  p53  and  Brcal  with  Myc  were 
also  sufficient  to  induce  transformation  of  ovarian  cells/^ 

A  spontaneously  occurring  ovarian  cancer  mouse  model,  the  Mullerian 
Inhibitory  Substance  type  II  Receptor  {MISIIR)  transgenic  mice,  has  recently  been 
generated/"*  The  MISIIR  transgenic  mice  that  express  the  transforming  region  of 
SV40  under  the  control  of  the  Mullerian  inhibitory  substance  type  II  receptor  gene 
promoter  are  capable  of  developing  bilateral  ovarian  tumors.  The  MISIIR 
transgenic  mice  have  been  shown  to  develop  ovarian  carcinomas  spontaneously 
within  6-13  weeks  after  birth.^"*  Another  transgenic  mouse  which  expresses 
oncogenic  K-ras  and  conditional  Pten  deletion  within  the  ovarian  surface 
epithelium  has  been  shown  to  lead  to  the  induction  of  invasive  and  widely 
metastatic  endometrioid  ovarian  adenocarcinomas.^^ 

The  newly  created  MOSEC/luc  tumor  model  will  serve  as  an  important  model  for 
the  characterization  of  tumor  load  and  distribution  in  tumor-challenged  mice  using  non- 
invasive  bioluminescence  imaging.  Previous  studies  also  validate  the  use  of  luminescence 
imaging  system  for  quantitatively  measuring  tumor  load  in  Thus,  the 

bioluminescence  imaging  used  in  this  study  represents  a  plausible  non-invasive  approach 
to  measure  tumor  load  and  distribution  in  mice.  However,  a  potential  concern  related 
to  retrovirus  transduction  is  the  difference  in  expression  of  MHC  class  I  molecules 
between  MOSEC  and  MOSEC/luc  cells.  This  may  influence  the  interpretation  of  the 
data.  We  found  that  both  the  cell  lines  express  comparable  levels  of  MHC  class  I 
molecules  (data  not  shown).  Another  potential  issue  is  that  MOSEC/luc  cells  may 
generate  immune  responses  against  luciferase  because  luciferase  is  a  foreign  protein 
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to  the  mice.  This  may  lead  to  regression  of  MOSEC/luc  tumors  when  injected  in 
mice.  However,  this  is  prohahly  unlikely  because  the  growth  rates  of  MOSEC  and 
MOSEC/luc  in  C57BL6  mice  are  comparable  (data  not  shown). 

While  we  have  demonstrated  that  the  murine  mesothelin  aa406-414  represents  a 
mesothelin-speeifie  CTL  epitope,  we  do  not  know  if  it  is  an  immunodominant  CTL 
epitope.  Thus,  it  will  be  erueial  for  us  to  further  eharaeterize  additional  mesothelin- 
speeifie  CTL  epitopes  and  to  determine  the  immunodominant  epitopes  for  murine 
mesothelin.  This  information  is  important  for  the  future  development  of  effective 
mesothelin-speeifie  vaccines.  Further  characterization  of  mesothelin-speeifie  CTL 
epitopes  using  overlapping  peptides  covering  the  full  length  of  murine  mesothelin  protein 
may  allow  us  to  identify  additional  mesothelin-speeifie  CTL  epitope/s.  Several  studies 
have  employed  this  approach  to  successfully  identify  antigen-specific  CTL  epitopes.^'*’^' 

Our  study  describes  the  identification  of  a  murine  mesothelin-speeifie  CTL 
epitope.  This  is  the  first  time  a  murine  mesothelin-speeifie  CTL  epitope  was 
identified  in  mouse  ovarian  cancer.  Previous  studies  by  us  and  others  have  identified 
several  human  mesothelin  CD8^  T  cell  epitopes.  For  instance,  we  have  recently  identified 
two  HLA-A2 -restricted  human  mesothelin-speeifie  CD8^  T  cell  epitopes  using  HLA-A2 
transgenic  mice.  One  of  these  CTL  epitopes,  aa540-549,  was  also  recently  identified 
using  PBMCs  derived  from  ovarian  or  pancreatic  cancer  patients.  In  another  study, 
HLA-A2-restricted  mesothelin-derived  peptides  20-28  and  530-538  were  identified  as 
CTL  epitopes.  These  human  mesothelin  CTL  epitopes  will  be  useful  for  the 
development  of  quantitative  T  cell  immunological  assays  that  are  important  for  the 
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characterization  of  mesothelin-specific  CD8^  T  cell  immune  responses  in  patients  with 
mesothelin-expressing  ovarian  eaneer. 

Materials  and  Methods 

Mice 

C57BL/6  miee  were  aequired  from  the  National  Caneer  Institute.  All  animals 
were  maintained  under  speeifie  pathogen-free  eonditions,  and  all  proeedures  were 
performed  aeeording  to  approved  protoeols  and  in  aeeordanee  with  reeommendations  for 
the  proper  use  and  eare  of  laboratory  animals. 

Cell  lines 

The  MOSEC  eell  line  ^  and  dendritie  eell  line  (DC)  ^  were  prepared  as  deseribed 
previously.  The  dendritic  cell  line  has  heen  shown  to  express  all  phenotypic  markers 
of  dendritic  cells.  ^  MOSEC-lueiferase  (MOSEC/lue)  and  dendritic  cell-luciferase 
(DC/luc)  were  generated  by  transducing  MOSEC  and  DCs  with  a  retrovirus  containing 
luciferase.  In  order  to  generate  a  retrovirus  containing  luciferase,  a  pEuci-thyl.l  construct 
expressing  both  luciferase  and  thy  1.1  was  made.  Eirefly  luciferase  was  amplified  by  PCR 
from  pGE3 -basic  (Promega)  using  the  5’  primer 
CGGAGATCTATGGAAGACGCCAAAAAC  and  the  3’  primer 
CGGGTTAACTTACACGGCGATCTTTCC.  The  amplified  luciferase  cDNA  was 
inserted  into  the  Bglll  and  Hpal  sites  of  the  bicistronic  vector  pMIG-thyl.l.  Both 
luciferase  and  thy  1.1  cDNA  are  under  the  control  of  a  single  promoter  element  and 
separated  by  an  internal  ribosomal  entry  site  (IRES).  The  pEuci-thyl.l  was  transfected 
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into  Phoenix  packaging  cell  line  and  the  virion-containing  supernatant  was  collected  48  h 
after  transfection.  The  supernatant  was  immediately  treated  using  a  0.45-mm  cellulose 
acetate  syringe  filter  (Nalgene,  Rochester,  NY)  and  used  to  infect  MO  SEC  and  DCs  in 
the  presence  of  8  mg/mL  Polybrene  (Sigma,  St.  Louis,  MO).  MOSEC/luc  and  DC/luc 
cells  were  sorted  using  preparative  flow  cytometry  of  stained  cells  with  Thy  1.1  antibody 
(BD,  Franklin  Lakes,  NJ). 

Plasmid  DNA  Constructs  and  DNA  Preparation 

For  the  generation  of  plasmid  encoding  murine  mesothelin,  pcDNA3-meso,  the 
DNA  fragment  encoding  mesothelin,  was  first  amplified  in  RT-PCR.  RNA  was  extracted 
from  the  MOSEC  cell  line  by  TRIZOL  (Invitrogen,  Carlsbad,  CA).  RT-PCR  was 
performed  using  the  Superscript  One-Step  RT-PCR  Kit  (Invitrogen)  and  a  set  of  primers: 
5’-cccgaattcatggccttgccaacagctcga-3’  and  5’-tatggatccgctcagccttaaagctgggag-3’.  The 
amplified  product  was  then  digested  with  EcoRI  and  Hindlll  and  further  cloned  into  the 

vector  pcDNA3.1/myc-His(-)  (Invitrogen,  Carlsbad,  CA).  The  DNA  was  amplified  in 
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Escherichia  coli  DH5  and  purified  as  described  previously. 

Quantitative  real-time  RT-PCR 

Before  first-strand  cDNA  synthesis,  RNA  samples  were  treated  with 
Deoxyrihonuclease  I  (Invitrogen,  Carlshad,  CA)  to  eliminate  DNA  contamination. 
Reverse  Transcription  Polymerase  Chain  Reaction  (PCR)  was  performed  with 
Oligo(dT)  primer  and  M-MLV  Reverse  Transcriptase  (Invitrogen)  according  to 
manufacturer’s  protocol.  Then,  we  used  the  first-strand  cDNA  for  real-time  PCR, 
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which  was  performed  with  iQ  SYBR  Green  Supermix  (Bio-Rad,  Hercules,  CA, 
USA)  on  MyiQ  real-time  PCR  detection  system  (Bio-Rad)  according  manufacture’s 
protocol.  The  forward  primer  for  mouse  mesothelin  is 
TTGGGTGGATACCACGTCTG;  the  reverse  primer  is 

CGGAGTGTAATGTTCTTCTGTC.  We  used  heta-actin  as  the  reference  gene.  The 
forward  primer  for  heta-actin  is  CCCTAAGGCCAACCGTGAA  and  the  reverse 
primer  is  GAGCATAGCCCTCGTAGAT 


DNA/siRNA  Vaccination 

Gene  gun  partiele-mediated  DNA/siRNA  vaeeination  was  done  using  a  helium- 
driven  gene  gun  (Bio-Rad,  Hereules,  CA)  aeeording  to  the  protoeol  for  RNA  vaoeination 
provided  by  the  manufacturer,  with  a  slight  modification.  Briefly,  DNA/siRNA-coated 
gold  particles  were  prepared  by  combining  25  mg  of  1 .6  |im  gold  microcarriers  (Bio- 
Rad),  50  |lg  of  plasmid  DNA  (50  |lL),  5  |lg  of  siRNA  (50  |lL),  and  10  |lL  of  3  mol/L 
sodium  acetate.  Isopropyl  alcohol  (200  |lL)  was  added  to  the  mixture  dropwise  while 
mixing  by  vortex.  This  mixture  was  allowed  to  precipitate  at  room  temperature  for  10 
min.  The  microcarrier/DNA/siRNA  suspension  was  then  centrifuged  (10,000  rpm  for  30 
sec)  and  washed  thrice  in  fresh  absolute  ethanol  before  resuspending  in  3  mL 
polyvinylpyrrolidone  (0.1  mg/mL,  Bio-Rad)  in  absolute  ethanol.  The  solution  was  then 
loaded  into  2.5  ft  of  gold-coated  tube  (Bio-Rad)  and  allowed  to  settle  for  10  minutes.  The 
ethanol  was  gently  removed,  and  the  microcarrier/DNA/siRNA  suspension  was  evenly 
attached  to  the  inside  surface  of  the  tube  by  rotation.  The  tube  was  then  dried  by  0.4 
L/min  of  flowing  nitrogen  gas.  The  dried  tube  coated  with  microcarrier/DNA/siRNA  was 
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then  cut  to  0.5  in.  cartridges  and  stored  in  a  capped  dry  bottle  at  4°C.  The  DNA/siRNA- 
coated  gold  particles  (1  |ig  DNA  and  0. 1  |ig  siRNA  per  bullet)  were  delivered  to  the 
shaved  abdominal  region  of  the  mice  using  a  helium-driven  gene  gun  (Bio-Rad)  with  a 
discharge  pressure  of  400  p.s.i.  C57BL/6  mice  were  immunized  with  2  jig  of  the  pcDNAS 
plasmid  encoding  murine  mesothelin  and  mixed  with  0.2  |ig  BAK  +  BAX  siRNA  or 
control  siRNA.  The  mice  received  three  boosters  with  the  same  dose  1  week  later. 
siRNAs  were  synthesized  using  2'-0-ACE-RNAphosphoramides  (Dharmacon,  Lafayette, 
CO).  The  sequences  of  BAK,  BAX,  and  control  RNAi  were  described  previously. 

Generation  of  an  ETmesothelin-specific  CTL  cell  line 

We  used  methods  described  previously  to  generate  the  mesothelin  specific 
CTL  cell  line^’.  Six-week-old  female  C57BL/6  mice  were  immunized  four  times  by  2 
|Xg  of  the  pcDNA3  plasmid  encoding  murine  mesothelin  and  mixed  with  0,2  |ig  BAK 
+  BAX  siRNA,  Splenocytes  were  harvested  on  day  7  after  the  last  vaccination.  For 
initial  in  vitro  stimulation,  5x10*  splenocytes  were  pulsed  with  IL-2  at  a 
concentration  of  20  U/ml  and  1  ug  of  mesothelin  peptide  (amino  acids  406-414)  for  7 
days.  Propagation  of  the  mesothelin-specific  CTL  cell  line  was  performed  in  24-well 
plates  by  mixing  (2  ml/well)  1x10*  splenocytes  containing  mesothelin-specific  CTLs 
with  3x10*  irradiated  splenocytes  and  pulsing  them  with  IL-2  at  a  concentration  of 
20  U/ml  and  1  ug  of  mesothelin  peptide  (amino  acids  acids  406-414),  This  procedure 
was  repeated  every  7  days. 

Intracellular  Cytokine  Staining  and  Flow  Cytometry  Analysis 
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Cell  surface  marker  staining  for  CDS  and  intracellular  cytokine  staining  for  IFN-y 

as  well  as  flow  cytometry  analysis  were  performed  under  conditions  described  previously. 

26 

Splenocytes  were  harvested  from  mice  1  week  after  the  last  vaccination.  For  detecting 
mesothelin-specific  CD8^  T-cell  precursors,  5x10^  pooled  splenocytes  from  each 
vaccination  group  were  incubated  for  16  h  with  either  1  |lg/ml  mesothelin  peptide  406- 
414(GQKMNAQA1)  or  other  peptides  containing  an  MHC  class  I  epitope  based  on 
Bioinformatics  &  Molecular  Analysis  Section  (BIMAS)^  (in  Figure  3A).  Analysis  was 
performed  on  a  Becton-Dickinson  FACSCalibur  with  CELLQuest  software  (Becton 
Dickinson  Immunocytometry  System,  Mountain  View,  CA).  For  tetramer  staining  of  a 
murine  mesothelin-specilic  CD8^  T  cell  line,  the  murine  mesothelin  peptide  (aa406-414)- 
loaded  H-2D'’  tetramer  (purchased  from  Beckman  Coulter,  San  Diego,  CA)  was  used  to 
stain  for  murine  mesothelin  peptide  (aa406-414)-specific  CD8^  T  cells  (fromNIH).  The 
E7-pep tide-loaded  H-2D’’  tetramer  was  used  as  a  negative  control. 

Cytolytic  activity  assay 

A  non-radioactive  method  for  cytolytic  activity  assay  that  utilizes  luciferase  to 
measure  target  cell  viability  was  performed.  Target  cells  were  luciferase-expressing 
dendritic  cell  line  (DC/luc)  with  or  without  pulsing  with  mesothelin-specific  peptide 
aa406-414,  or  luciferase-expressing  MOSEC  cell  line  (MOSEC/luc).  The  target  cells 
were  plated  at  a  concentration  of  10,000  cells  per  0.1  mL/well  in  96-well  microplates. 

The  cells  were  then  co-cultured  with  increasing  amounts  of  mesothelin-specilic  CD8^  T 
cells  (in  a  final  volume  of  0.2  mL/well)  at  37°C  for  6h.  A  final  concentration  of  0.14 
mg/mL  luciferin  (Promega)  was  added  to  each  well,  the  plate  was  dark  adapted  for  10 
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min  at  37°C,  and  luminescence  was  read  on  the  IVIS  Imaging  System  Series  200 
(Xenogen).  Cytolytic  activity  was  determined  by  measuring  the  number  of  viable 
luciferase  positive  cells  remaining  following  incubation  with  effectors.  The  percentage  of 
lysis  was  calculated  from  the  following  equation; 

100-[100  X  {A-E)I{C  -5)],  where  A  is  the  reading  of  photon  counts  for  experimental  cells, 
B  is  the  background  photon  counts  determined  by  plating  target  cells  in  media  with  a 
final  concentration  of  1%  SDS  ,  C  is  maximum  photon  counts  determined  by  plating 
target  cells  in  media  without  effector  cells. 

Treatment  of  mice  with  mesothelin-specific  CD8^  T  cells 

For  determination  of  the  direct  effects  of  mesothelin-specific  CD8^  T  cells  on  the 
growth  of  MOSEC/luc  tumors,  two  groups  of  mice  were  challenged  with  2x10^ 
MOSEC/luc  tumors  by  intraperitoneal  injection.  One  group  (5  mice)  was 
intraperitoneally  treated  with  2x10^  mesothelin  (aa406-414)-specific  CD8^  T  cells  and 
the  other  group  (5  mice)  was  treated  with  IX  PBS  one  day  after  MOSEC/luc  challenge 
intraperitoneally.  Tumor  image  was  then  measured  using  IVIS  Imaging  System  Series 
200  (Xenogen).  Bioluminescence  tumor  image  was  taken  one  day  after  MOSEC/luc 
challenge  and  four  days  after  the  transfer  of  mesothelin(aa406-414)-specific  CD8^T 
cells.  Eor  detection  of  bioluminescence  signals,  mice  were  injected  with  300|il  of 
15mg/ml  luciferin  (Promega)  intraperitoneally.  Mice  were  imaged  using  the  IVIS 
Imaging  System  Series  200  (Xenogen)  10  min  after  luciferin  injection.  Bioluminescence 
signals  were  acquired  for  three  minutes.  The  survival  of  the  tumor  challenged  mice 
with  or  without  T  cell  treatment  was  also  followed. 
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Statistical  Analysis 

All  data  expressed  as  means  ±standard  deviation  (s.d.)  are  representative  of  at 
least  two  different  experiments.  Data  for  intraeellular  cytokine  staining  with  flow 
cytometry  analysis  were  evaluated  by  ANOVA.  Comparisons  between  individual  data 
points  were  made  using  a  Student’s  t-test.  For  the  survival  analysis  of  tumor 
challenged  mice  receiving  T  cell  treatment,  Kaplan  and  Meier  method  and  the  log- 
rank  statistic  were  used.  All p  values  <  0,05  were  considered  significant. 
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Figure  Legends 


Figure  1.  Characterization  of  ascites  formation  and  luciferase  expression  in  mice 
challenged  with  MOSEC/luc  tumor  cells.  C57BL/6  mice  were  intraperitoneally 
ehallenged  with  5x10^  eells/mouse  of  MOSEC/lue  tumor  eells.  (A)  Representative  gross 
picture  to  demonstrate  ascites  formation  in  miee  8  weeks  after  MOSEC/lue  tumor 
ehallenge.  The  arrow  indieates  growth  of  abdominal  girth.  (B)  Representative  gross 
picture  of  non-tumor-challenged  eontrol  miee.  (C)  Representative  lumineseenee  image  of 
MOSEC/lue-ehallenged  miee  8  weeks  after  tumor  ehallenge.  (D)  Representative 
lumineseenee  image  of  control  mice  without  tumor  ehallenge.  For  detection  of 
hioluminescence  signals,  mice  were  injected  with  luciferin  intraperitoneally.  Mice 
were  imaged  using  the  IVIS  Imaging  System  Series  200.  Biolumineseenee  signals  were 
aequired  for  one  minute. 

Figure  2.  RT-PCR  and  flow  cytometry  analysis  to  characterize  murine  mesothelin 
expression  in  MOSEC/luc  tumor  cells.  (A)  Gel  electrophoresis  to  characterize  the 
amplified  produet  from  RT-PCR.  Eane  1,  size  marker.  Eane  2,  RNA  from  MOSEC/lue 
tumor  eells.  Lane  3,  RNA  from  murine  mesothelin-negative  DCs  used  as  a  negative 
eontrol.  Note:  Speeifie  amplifieation  was  observed  in  Lane  2  (MOSEC/lue  eells)  but  not 
in  Lane  3  (DCs),  as  indieated  by  an  arrow.  (B)  Elow  eytometry  analysis  to  eharaeterize 
murine  mesothelin  expression  in  MOSEC/luc  cells  (left  panel)  or  DCs  (right  panel).  The 
filled  histogram  represents  eells  stained  with  rat  sera  containing  polyclonal  antibodies 
against  murine  mesothelin.  The  sera  were  derived  from  rats  vaccinated  with  DNA 
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encoding  murine  mesothelin.  The  clear  histogram  represents  cells  stained  with  rat  sera 
acquired  before  vaccination  (negative  control).  PE-labeled  goat  anti-rat  IgG  was  used  as  a 
secondary  antibody  for  the  flow  cytometry  analyses. 

Figure  3,  Identification  of  mesothelin-specific  CTL  epitopes.  (A)  Potential  H-2- 
restricted  mesothelin  CTL  epitopes  predicted  by  the  BIMAS  Program.  (B)  Bar  graph 
depicting  the  number  of  IFN-y-expressing  mesothelin-specific  CD8^  T  cells  in 
splenocytes  stimulated  with  various  candidate  mesothelin  peptides.  The  splenocytes 
were  derived  from  C57BL/6  mice  vaccinated  with  pcDNA3-Meso  comhined  with 
BAK+BAX  siRNA,  The  splenocytes  were  harvested  one  week  after  the  last  vaccination 
and  stimulated  with  each  of  the  peptides  listed  in  Figure  3 A  for  16  hours.  Murine 
mesothelin-specific  CD8+  T  cell  immune  responses  were  determined  by  intracellular 
cytokine  staining  for  IFN-yand  CD  8. 

Fig  4.  Characterization  of  a  murine  mesothelin(aa406-414)-specific  H2k'’-restricted 
CD8^  T  cell  line.  (A)  Intracellular  cytokine  staining  followed  by  flow  cytometry  analysis 
to  characterize  a  murine  mesothelin  (aa406-414)-specific  CD8^  T  cell  line.  The  CD8+  T 
cells  were  incuhated  overnight  with  H-2D’’-restricted  mesothelin  (aa406-414)- 
specific  peptide  or  irrelevant  peptide  (E7  aa  49-57)  in  the  presence  of  GolgiPlug. 
Cells  were  washed  once  with  FACS  wash  buffer  and  stained  with  PE-conjugated 
monoclonal  rat  antimouse  CD8a.  Cells  were  then  permeabilized,  fixed  and  stained  with 
FITC-conjugated  rat  anti-mouse  IFN-y.  Flow  cytometry  analysis  was  performed  using 
FACSCalihur  with  CELLQuest  software.  (B)  Tetramer  staining  of  a  murine  mesothelin- 
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specific  CD8+  T  cell  line.  The  murine  mesothelin  peptide  (aa406-414)-loaded  H-2D'’ 
tetramer  was  used  to  stain  for  murine  mesothelin  peptide  (aa406-414)-specific  CD8+  T 
cells.  The  E7-pep tide-loaded  H-2D'’  tetramer  was  used  as  a  negative  control. 

Fig  5.  Bioluminescence  imaging  assay  to  demonstrate  the  specific  lysis  of  murine 
mesothelin-expressing  tumor  cells  by  murine  mesothelin  peptide-specific  CD8+  T 
cells.  The  target  cells  were  luciferase-expressing  dendritic  cell  line  (DC/luc)  with  or 
without  pulsing  with  mesothelin-specific  peptide  aa406-414,  or  luciferase-expressing 
MOSEC  cell  line  (MOSEC/luc).  The  target  cells  were  co-cultured  with  increasing 
numbers  of  murine  mesothelin  peptide-specific  CD8+  T  cells  (10'',  5x10'',  2.5x10^ 
cells/well  for  DC/luc  cell  lines  with  or  without  pulsing  with  peptide;  10'',  3x10", 

9xl0",  2,7x10^  cells/well  for  MOSEC/luc  cell  line)  in  a  final  volume  of  0,2  mL/well  at 
37*’C  for  6h.  Euciferin  was  added  to  each  well  and  luminescence  was  read  on  the  IVIS 
Imaging  System  Series  200.  (A)  Bioluminescence  images  of  the  DC/luc  cell  line  or 
DC/luc+406peptide  cell  line.  Note:  Significant  lysis  was  observed  in  DC/luc  +  406 
peptide  but  not  in  DC/luc  (P<  0,001),  (B)  Bioluminescence  imaging  assay  for  the 
MOSEC/luc  cell  line. 

Fig  6,  Characterization  of  luciferase  expression  in  tumor-challenged  mice  injected 
with  mesothelin-specific(aa406-414)  CD8+  T  cells,  C57BE/6  mice  (5  mice  per  group) 

were  challenged  intraperitoneally  with  MOSEC/luc  tumor  cells.  One  day  after  tumor 
challenge,  the  mice  were  intraperitoneally  administered  with  either  mesothelin  (aa406- 
414)-specific  CD8+  T  cells/mouse  or  IX  PBS.  Eor  detection  of  bioluminescence  signals, 
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the  mice  were  injected  with  luciferin  intraperitoneally.  Mice  were  imaged  using  the  IVIS 
Imaging  System  Series  200, 10  min  after  luciferin  injection.  (A)  Bioluminescence 
images  of  the  representative  tumor-challenged  mice  at  days  1,  4,  and  31  after 
MOSEC/luc  tumor  cell  injection.  (B)  Bar  graph  depicting  the  photon  counts  from  mice  (5 
per  group)  at  days  1,  4,  and  31  after  MOSEC/luc  tumor  challenge.  Note:  There  is  a 
significant  difference  between  tumor  challenged  mice  with  or  without  T  cell  transfer 
(P<  0,05)  (C)  Kaplan-Meier  survival  analysis  for  MOSEC/luc  tumor  challenged  mice 
with  T  cell  transfer  (closed  circles)  or  without  T  cell  transfer  (open  circles). 
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Table  1:  Characterization  of  murine  mesothelin  expression  by  quantitative  RT-PCR 


Cell 

Gene 

Repeat 

Mean  Ct 
Value 

Standard 

Deviation 

mRNA 

Expression 

Ratio 

Mesothelin:beta- 

actin 

DCs 

beta_actin 

4 

20.54 

0.061 

DCs 

mesothelin 

4 

0 

N/A 

0 

MOSEC/luc 

beta_actin 

4 

20.18 

0.195 

MOSEC/luc 

mesothelin 

4 

26.4 

0.188 

0.01342 

DCs:  dendritic  cells 

MOSEC:  mouse  ovarian  surface  epithelial  tumor 


